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SYNOPSIS 
This thesis reports on the research undertaken to increase the value recovery from 
end-of-life vehicles through the improvement of design practices. The principle 
objective of this research is to generate a design framework which incorporates end- 
of-life data and knowledge during the design process to improve the financial viability 
of vehicle recycling. 
The research contributions are divided into three major parts. The first part reviews 
relevant literature in both vehicle recovery and design, examines the legislative 
requirements and assesses current practices. The second introduces the assessment of 
recovery factors through a 'Design for End-of-Life Vehicles' framework which 
incorporates a vehicle design assessment model, a post fragmentation material 
analysis model, and a modular design improvement model. These models implement 
the concept of 'Design for Shredding' investigated by this research, which aims to 
identify contaminating materials and facilitate their removal through design 
improvement. The final part demonstrates the application of this concept through the 
generation of case studies. 
The application of the Design for End-of-Life Vehicles framework has shown that the 
vehicle design assessment model can accurately identify assemblies that are highly 
complex and inaccessible, and therefore difficult to disassemble. In addition, the post 
fragmentation material analysis model has demonstrated the ability to detect 'problem 
materials' and, through their removal, enhance the purity and value of material 
fractions. Finally, the modular design improvement investigated by this research 
provides a method by which end-of-life data and knowledge can effectively influence 
vehicle architecture and encourage reuse and pre fragmentation disassembly for 
material recycling. 
In summary, this research has provided practical and powerful models and tools to 
improve the economics of vehicle recycling through the design process, thus ensuring 
the long tenn sustainability of the vehicle recovery sector. 
ii 
ABBREVIATIONS 
ATF Authorised Treatment Facility 
ASR Auto Shredder Residue 
CoD Certificate of Destruction 
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Chapter I 
INTRODUCTION 
For centuries mankind has attempted to exploit the resources available to it, through 
the reuse of objects and artefacts. However, as the wealth of modem man has grown 
the financial necessity to utilise the lifetime of these objects has declined. The 
implications of this social culture on design has increased demand for the new and 
reduced the potential employment of the old, generating an exponential rise in waste. 
This growth poses both economic and ethical questions for mankind. As the amount 
of waste increases, the space in landfill declines creating a new economic incentive to 
recover. The demand for new products also places undue pressure on the world's 
natural resources, creating an ethical imperative to conserve and reuse. Design is 
therefore pivotal in devising new methods by which resources can be conserved and 
recovered, and product lifetimes fully exploited. 
The automobile is the largest individual consumer product to become waste, weighing 
on average between 1000 and 1500 Kg. Approximately 46 million passenger cars 
were produced in 2005 worldwide (OICA 2006) and more vehicles are expected to be 
produced in the next 20 years than in the previous I 10 year history of the industry 
(SAA 2004). Unlike many products the recovery of a vehicle has existed since its 
inception, through the reuse of its parts and the recycling of many of its constituent 
materials. The structure of the car has always encouraged part exchange, and the 
technology of separating and recycling the valuable ferrous metal content is simple, 
reliable and widespread. However, when the value of scrap steel has fallen, the loss in 
revenue to the recovery industry has frequently forced many scrap yards to charge last 
owners for the disposal of their vehicles. This has previously caused an increase in 
vehicle abandonment, with the cost of disposal then falling on local government 
(House of Commons Environment, Food and Rural Affairs Committee 2004). The 
recovery industry has also gained an image of un-environmental conduct through the 
landfilling of hazardous substances. The waste sent from the recovery industry to 
landfill has been estimated to be between 20% and 30% of the weight of each 
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processed vehicle, with a survey in 2000 estimating that from the 2.1 million vehicles 
recovered in the UK that year, approximately 403,000 tonnes of waste in the form of 
Automotive Shredder Residue (ASR) was sent to landfill (Kollamthodi et al. 2003). 
The emergence of these three factors; abandonment, pollution, and waste, has resulted 
in the creation by the European Commission of the End-of-Life Vehicles (ELV) 
directive which aims "as afirstpriority, at the prevention of wastefrom vehicles and, 
in addition, at the reuse, recycling and otherforms ofrecovery of end-of-life vehicles, 
and their components so as to reduce the disposal of waste, as well as at the 
improvement in the environmental performance of all of the economic operators 
involved in the life cycle of vehicles and especially the operators directly involved in 
the treatment of end-of-life vehicles" (The European Commission 2000a). This was to 
be achieved through the implementation of several measures that included: 
" The setting up of a system for the collection of ELVs by economic operators 
(producers, dismantlers and shredder operators etc. ). 
" The assurance that delivery to treatment facilities is at no cost to the last owner 
by 2007 (unless it does not contain "the essential components of a vehicle", or 
contains waste which has been added). 
" The establishment of standards for storage, treatment, and de-pollution, and 
the regulation of Authorised Treatment Facilities (ATFs). 
" The recycling and recovery of 85% (80% recycling) of a vehicles weight by 
2006, and 95% (85% recycling) by 2015. 
The initial interpretation of the directive was that the financial burden of 
implementing these measures would fall on the original manufacturers, making them 
liable for the disposal of their product and creating a link between themselves and 
End-of-Life (EoL) operators, commonly referred to as a 'value chain' and shown in 
figure I. I. 
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Figure 1.1, The value chain, connecting a vehicles production, life and recovery. 
As a result of the directive, the old style 'scrap yards' now require Authorised 
Treatment Facility (ATF) accreditation, guaranteeing the environmentally friendly 
treatment of vehicles in their care. However, environmental improvement is still 
heavily reliant on value and profit to maintain the financial viability of these recovery 
actors. Therefore, cost effective recovery methods such as automated post 
fragmentation separation processes are likely to be the main focus of attaining the 
targets set by the directive. The intention of producer responsibility is to give 
manufacturers a financial interest in recovery, encouraging them to further integrate 
EoL issues into design and incorporate recycled material into new vehicles. Vehicle 
manufacturers have been environmentally aware for many years, with the use of life 
cycle analysis and design for programs increasing the influence of EoL factors on the 
design process. However, several of these techniques have been employed to reduce 
manual dismantling times, when the vast majority of a vehicle's weight is recovered 
using automated post fragmentation processes. 
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The research assertion made in this thesis is that to adequately meet the challenge of 
achieving the 2015 target, vehicle manufacturers must gain a greater understanding of 
the impact of design change on recovery cost. Industrial visits undertaken as part of 
this research have indicated that end-of-life operators are unlikely to improve their 
environmental performance unless an economic case can be made. The increased cost 
of recovery and the requirement for further investment in new technologies and 
equipment to adhere to tighter environmental regulation, has placed more emphasis on 
profitability, and therefore the impact of design change on recovery costs and 
revenues must be acknowledged. Dismantling has been the focus of end-of-life 
design techniques for many years but these methods have failed to significantly 
reduce disassembly costs. This is because they are limited to influencing individual 
parts and not the architecture of the vehicle which determines part accessibility. A 
decline in part reuse has also marginalized the impact of design for disassembly on 
end-of-life vehicle value, therefore promoting a financial unviable approach to 
recovery. These design methods also fail to recognise the importance of automated 
techniques which play a dominant role in vehicle recovery and profitability. The 
implications of these recovery techniques must therefore be analysed and reflected in 
new vehicle design. 
The aim of this research is therefore to investigate the relationship between design 
decisions, recovery cost and recycling value, and to develop a framework by which 
these relationships can enhance the economic recovery of a vehicle through design 
alteration. This is to be achieved through: 
1. A review of end-of-life vehicle processing to identify factors that influence 
costs and revenues. 
2. An investigation into the impact of vehicle design on all methods of recovery. 
3. The generation of a novel design framework to influence and increase end-of- 
life value recovery. 
The thesis is divided into three distinct sections, the research background and 
overview, the theoretical research and model development, and the research 
conclusions, as illustrated by figure 1.2. The research background and overview 
consists of the initial 5 chapters and includes an elaboration of the research assertion, 
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aim, objectives and scope as well as an examination of end-of-life processing and 
vehicle design techniques. Chapter 1 introduces the subject and explains the layout of 
the thesis. Chapter 2 defines the research assertion, the aim of the thesis, its objectives 
and its scope. Chapter 3 provides a background study of the end-of-life processing of 
vehicles and any future technologies or methods that may be implemented. Chapter 4 
investigates the literature surrounding end-of-life and life cycle design, and reviews 
their function in the vehicle design process. This section is completed by chapter 5 
which outlines a methodology for the research. 
The theoretical research and model development consists of 5 chapters, which 
establish a design framework, define three discrete models within that framework, and 
then demonstrate the application of the framework using a number of case studies. 
Chapter 6 outlines a Design for End-of-Life Vehicle framework, whereby recovery 
can be integrated into the design process. Chapter 7 details the first model within this 
framework where the vehicle design is assessed. Chapter 8 presents a material 
analysis model based on post fragmentation processing. Chapter 9 introduces a 
modular redesign method and finally chapter 10 assesses the framework within a 
number of suitable case studies. 
The final two chapters of the thesis contain the research conclusions. A review and 
critique of the theoretical and experimental research is conducted in the research 
discussion in chapter 11, whilst chapter 12 concludes the thesis by summarising that 
discussion and identifying further work for the continuation of the research. 
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Chapter 2 
The Scope and Context of the Research 
2.1 Introduction 
This chapter documents the scope and context of the research detailed in this thesis. 
The opening section describes the research assertion and the context in which the 
research is placed. This is followed by a statement of the aim and objectives of the 
research, before the specific scope formed to meet the objectives of the thesis is 
outlined. 
2.2 Research Assertion 
The recovery of vehicles is presently based on economic feasibility and legislative 
pressure rather than environmental consideration. This feasibility is dominated by the 
cost of separation and the value of the materials and parts separated. Many 
traditionally profitable recovery methods, such as the manual disassembly of parts for 
reuse, have suffered decline as manual separation costs have continued to rise and 
consumer demand has subsided. The manual separation of non metallic materials for 
recycling is seen as commercially unviable as markets in materials such as recycled 
plastics are undeveloped. Therefore the separation and recycling of metallic materials 
through post fragmentation processing provides a crucial financial incentive to the 
automotive recovery industry. 
Vehicle manufacturers have attempted to influence the recovery of their vehicles 
through design for decades. However, the Design for Disassembly methodologies that 
are currently implemented, are concerned with the dismantling aptitude of individual 
parts. These micro level alterations have little or no impact on end of life processes, 
due to the dependency of part access on the surrounding vehicle architecture, and the 
high costs and low revenues achieved via dismantling. This failure restricts the 
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positive influence of macro level design measures, such as material restrictions, which 
increase the recyclable content of the vehicle. The influence of other design factors, 
such as vehicle fuel efficiency, has also led to increased integration therefore 
compounding the decline of the reuse market. 
The ELV directive ensures that many of the vehicles produced today will require the 
recovery of 95% of their weight when retired, with the responsibility for reaching this 
target falling on both the vehicle manufacturers and the recovery industry. Whilst the 
recovery operators are keen to achieve this through the use of post fragmentation 
technologies, vehicle design still gives precedence to dismantling. This research 
intends to increase the influence of all end-of-life processes on vehicle design and 
therefore ensure that any modification eases recovery and maximises value at end-of- 
life. 
In order to achieve this, recovery should be considered at all levels of the vehicles 
design. On a macro level, the influence of vehicle material composition on post 
fragmentation recovery must be recognised alongside the impact of vehicle 
architecture on access and reusability during disassembly. At a micro level, the 
simplification of material and part use must be encouraged to reduce the complexity 
of separation. Based on this, manufacturers can begin to understand the economic and 
technical problems encountered in recovering 95% of their vehicles weight, therefore 
allowing them to not only produce a vehicle with recyclable content, but a vehicle 
with recoverable content. 
The major assertion made in this research is that the only way to ensure the long tenn 
sustainability of the vehicle recovery sector, and to facilitate the investment in more 
environmentally friendly technologies and resources is through the improvement of 
vehicle design to increase the value recovery and profitability of vehicle recycling. 
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2.3 Research Aims and Objectives 
The overall aim of this research is to investigate the relationship between design 
decisions, recovery cost, and recycling value and develop a framework by which these 
relationships can enhance the economic recovery of a vehicle through design 
alteration. To achieve this aim, the research objectives can be defined as follows: 
I To investigate end-of-life vehicle recovery processes, their associated legal 
responsibilities and future recovery methods. 
To review and research existing literature on end-of-life design techniques and 
tools, as well as the legal and envirommental pressures on the vehicle design 
process. 
3 To produce a design framework for end-of-life vehicles that enables economic 
recovery factors to be evaluated during the design process. 
4 To generate a vehicles design assessment that analyses vehicle material 
content and part disassembly. 
5 To create a post fragmentation separation analyses model that assesses the 
impact of a 'Design for Shredding' approach on vehicle recovery. 
6 To devise a modular redesign methodology to influence vehicle architecture 
and increase reuse and disassembly potential. 
7 To demonstrate the application of the framework within the design process by 
conducting case studies based on the recovery of an existing vehicle. 
2.4 Scope of Research 
The scope of this research is in context with the research objectives which are listed 
below, a description of each of these follows in sections 2.4.1 to 2.4.7. 
i. Investigate end-of-life vehicle processing, 
ii. Review existing literature on end-of-life design methods, 
iii. Produce a design framework for end-of-life vehicles, 
iv. Generate a vehicle design assessment, 
V. Form a post fragmentation separation analyses model, 
vi. Devise a modular redesign methodology, 
vii. Demonstrate the application of the framework within the design process. 
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2.4.1 Investigate End-of-Life Vehicle Processing 
To effectively reflect current and future end-of-life processing, a review of the 
recovery sector will be conducted. This is to include interviews with industry 
stakeholders, an evaluation of vehicle processing routes, an appraisal of literature 
considering present and future recovery technologies, and an assessment of related 
cost factors. The results of this investigation are outlined in chapter 3. 
2.4.2 Review Existing Literature on End-of-Life Design Methods 
A full review of the literature surrounding end-of-life design tools and methodologies 
is required to place the research in the correct academic context, and also exploit the 
knowledge already amassed on the subject. This also includes an evaluation of 
environmental techniques currently implemented within the vehicle design process. 
An overview of these design tools and methodologies is presented in chapter 4. 
2.4.3 Produce a Design Frameworkfor End-of-Lifie Vehicles 
The identification of end-of-life factors not considered during the design process 
forms the basis of a Design for End-of-Life Vehicles framework, which attempts to 
match relevant design factors to recovery costs. This framework ensures that these 
design factors are influenced at the correct time and level during the design process to 
achieve both macro and micro level design change where appropriate. The framework 
therefore aims to provide a roadmap by which the implication of recovery methods, 
such as disassembly and post fragmentation separation, can influence the vehicles 
design in the most suitable way. This includes an assessment of the vehicle's structure 
in relation to disassembly, and analysis of the vehicle's material composition in view 
of the automated post fragmentation separation processes available. The framework is 
detailed in chapter 6 of this thesis. 
2.4.4 Generate a Vehicle Design Assessment 
The ability to assess vehicle recovery characteristics requires the manipulation of 
current design information to recognise end-of-life failures. A vehicle level design 
assessment employs data already accessible to the design process to identify potential 
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recovery improvement. A micro level assessment detects areas where simplification 
of assemblies would aid their removal and separation, whilst the vehicle's material 
content is evaluated at a macro level. This allows all areas of current vehicle design to 
be assessed based on the factors that influence end-of-life processing cost. Further 
analysis and design alteration can then be given the focus and clarity required to 
effectively impact on vehicles recovery. The vehicle design assessment forms the 
basis of chapter 7 in this thesis. 
2.4.5 Form a Post Fragmentation Separation Analyses Model 
A vehicles material content requires analysis during the design stage to predict the 
repercussions of its physical and chemical attributes on both its separation via post 
fragmentation recovery and its potential recycling. This material analysis simulates 
the post fragmentation separation of the vehicle after de-pollution, based on the 
materials present within the existing design. This allows the identification of post 
fragmentation material streams and therefore provides the ability to analyse their 
potential end-of-life recovery or disposal. Because of this knowledge, the end-of-life 
impact of design change can be understood and preventative measure taken during 
design to reduce auto shredder residue. This post fragmentation model and analysis is 
documented in chapter 8 of this thesis. 
2.4.6 Devise a Modular Redesign Methodology 
Through the encouragement of a modular architecture, reuse can be promoted and 
dismantling can be enhanced, reducing recovery cost and increasing the inherent 
value of parts and assemblies within the vehicle. A modular redesign methodology 
ensures that end-of-life characteristics can affect the vehicles architecture as well as 
the disassembly of individual components. This modularity can be given specific 
focus depending on the end-of-life improvement required. The modularisation of 
vehicle function can improve reuse, the clustering of similar materials can reduce 
manual separation and encourage recycling, and the grouping of contaminating 
materials can increase the purity of post fragmentation material streams by aiding 
their manual removal. A modular redesign improvement method is present in chapter 
9 of this thesis. 
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2.4.7 Demonstrate the Application ofthe Framework within the Design Process 
To validate and demonstrate the ability of the Design for End-of-Life Vehicle 
framework, a number of case studies are to be undertaken. These will employ vehicle 
design data sourced from a manufacturer, to determine its material content and 
disassembly characteristics using the vehicle design assessment detailed in chapter 7. 
A simulation of post fragmentation separation processes can then be conducted using 
the vehicles material content within the post fragmentation model presented in chapter 
8. Finally, the architecture of an assembly selected during the vehicle design 
assessment can be reconfigured to improve its recovery using the modular design 
improvement methodology highlighted in chapter 9. The results of these studies will 
be used to highlight potential improvement within the framework, and demonstrate its 
application during vehicle design. 
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A Review of Vehicle Recovery Activities 
3.1 Introduction 
This chapter provides an overview of the factors that control the economic recovery 
of end-of-life vehicles. This provides an indication of problems encountered within 
the recovery industry, whether solutions will be provided by end-of-life operators in 
the future, and which factors are relevant to vehicle design. The chapter therefore 
begins by identifying the main actors in vehicle recovery along with their basic 
activities. Legislative drivers and restrictions are then presented, with their 
implementation both in the UK and in Europe examined. The processing route of an 
ELV is then described in detail, highlighting current and future technologies in 
industry and literature. 
3.2 The Vehicle Recovery Chain 
The vehicle recovery chain, as shown in figure 3.1, normally consists of a number of 
operators, each conducting a variety of tasks to ensure that the vehicle is disposed of 
in an environmentally friendly manner, and that any potentially valuable materials are 
recovered and either reused or recycled. This chain begins with the vehicle being 
collected or delivered to an Authorised Treatment Facility (ATF) which then 
completes the official procedures required for de-registration. All hazardous 
substances are removed via a de-pollution process, and any valuable and reusable 
parts are dismantled from the vehicle body. The remaining vehicle is then sent on to a 
shredding facility where it is fragmented into fist sized pieces and separated using a 
variety of processes. These include air classification, magnetic separation, size 
classification, eddy current separation and dense media separation. The resulting 
material streams usually consist of light and heavy Auto Shredder Residue (ASR) 
fractions that are landfilled, and a variety of non ferrous and ferrous fractions that are 
recycled. 
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There are currently 1312 ATFs in the UK (as of March 2007, Environment Agency 
2007) however, in only 2002 there were more than 4000 licensed and unlicensed 
facilities (Kollamthodi el aL 2003). Many of these have now either been shut down by 
the Environment Agency, closed down because of the increased cost of de-pollution 
regulations, or are continuing to run under the radar of government departments and 
regulators. In February 2004 it was reported that there were 8 shredder operators 
working at 37 shredder locations in the UK (ACEA 2004). Much of the recovery 
chain is dominated by two of these operators, namely European Metals Recycling 
(EMR) and the Sims Group. EMR run 40 ATFs and 8 Shredder facilities nationwide 
(EMR 2007) whilst Sims operate at 31 sites across the UK (Sims Group 2007). These 
shredder sites include a number of post fragmentation separation processes, and both 
companies have centrally located dense media separation plants to recover much of 
the non-ferrous scrap. 
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Two additional recovery networks have been developed to cope with the take-back 
requirements of the ELV directive and are independent of EMR and the Sims group. 
Cartakeback. com was formed by a group of II shredder operators, and maintains a 
contracted group of over 200 ATFs that provide free vehicle take-back on behalf of 31 
vehicle manufacturers including Ford, Nissan, Fiat and Volkswagen (Cartakeback 
2007). A group of automotive dismantlers manage Autogreen, which has a contracted 
network of over 250 ATFs across the UK to provide free take-back for 23 vehicle 
manufacturers including BMW, Honda and Toyota (Autogreen 2007). 
One of the most contentious issues within the recovery chain is how much of a 
vehicle is currently recycled. Because of the highly political nature of this subject, 
there are a number of varying estimates on the amount of material that is sent to 
landfill by the sector. This is typified by two official reports, one by the Society of 
Motor Manufacturers and Traders (2002), and the other by Kollamthodi et al. (2003) 
on behalf of DEFRA. The first report states that from the 2,017,137 ELVs processed 
during the year 2000,20% of their weight was sent to landfill, whilst the second study 
states that from the 1,800,000 tonnes of ELVs processed, 24% was sent to landfill. 
Several other reports detail the situation in other countries and review the readiness of 
EU member states to achieve the legislative targets, such as Zoboli et al. (2000). 
Ferrao et al. (2006) conducted an experiment using conventional post fragmentation 
processes in Portugal and estimated a recycling rate of 80.3%, whilst Gazzo et al. 
(2003) predict the cost of implementation in France. 
3.3 Legislation 
Much of the UK's waste legislation has been developed in relation to European 
directives. These directives come in three forms, horizontal legislation creating 
frameworks for the management of waste and future directives, treatment legislation 
which restricts and controls specific operations within the waste industry, and waste 
stream legislations which exerts influence on the life cycle of a specific waste stream 
in an attempt to reduce or reform its disposal to landfill. Directives that have been 
produced within these three legislative forms, and are related to end-of-life vehicles 
are shown in figure 3.2 along with their equivalent UK transpositions. 
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Horizontal European Legislation 
Directive on Waste 
The Control of Pollution (Amendment) Act 
1989 
The Environmental Protection Act 1990 
The Controlled Waste Regulations 1991 
The Waste Management Licensing 
Regulations 1994 
National Waste Strategies 
European Waste Stream Legislation 
Directive on Batteries and Accumulators 
ýUTransposjtion due by September 
26th 
2008 
Figure 3.2, European and UK waste legislation surrounding end-of-life vehicles. 
The following sections outline each European directive and the resulting UK 
legislation within each of these three categories, and in sorne cases their direct 
relevance to end-of-litle vehicle treatment. 
3.3.1 Horizonlal Legislalion 
Both the Directive on Waste and the Directive on Hazardous Waste provide a 
framework for waste management uniformity across the E'uropean Union in all sectors 
for all waste types. The original Directive on Waste of 1975 (The European 
Commission 1975) and it successor of 2006 (The European Commission 2006a) 
attempt to: 
0 Ensure the protection of hurnan health and the environment during waste 
management 
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" Define waste types and terminology 
" Provide "effective and consistent rules on waste disposal and recovery" 
" Encourage recovery in order to conserve natural resources 
41 Promote clean technologies and products that can be reused and recycled 
With relevance to end-of-life vehicles, the directive on waste established producer 
responsibility, via the polluter pays principle, as a central pillar of future European 
waste legislation. Much of the resulting UK legislation has been to licence those who 
treat, keep, deposit or dispose of waste through the Environment Agency. Whilst the 
Directive on Waste attempted to distinguish recovery from disposal, the Directive on 
Hazardous Waste of 1991 (The European Commission 1991) defined hazardous and 
non-hazardous waste and in turn, made the management and monitoring of that 
hazardous waste more stringent. The UK transposition was consolidated in 2005 into 
two parts, the Hazardous Waste Regulations (UK Government 2005a) which 
established the control of hazardous substances and the List of Wastes Regulation 
(UK Government 2005b) which defined hazardous waste types. 
3.3.2 Treatment Legislation 
The European Directive on the Landfill of Waste (The European Commission 1999a) 
came into force in 1999 and required the classification of landfill locations as 
hazardous, non-hazardous, or inert waste sites. Targets were set to reduce the 
landfilling of biodegradable material to 75% by 2006,50% by 2009 and 35% by 
2016, based on 1995 levels. Specific substances were also banned from landfill, 
including whole tyres from 2003 and shredded tyres from 2006. This directive 
resulted in The Landfill (England and Wales) Regulations 2002 (UK Government 
2002a), which requires landfill operators to test waste before accepting it as non- 
hazardous. If waste is found to be hazardous, it can only be landfilled in hazardous 
waste sites. 
Because of the inadequacy of testing methods for ASR, the Environment Agency 
commissioned the sampling of shredder residue to determine whether the waste was 
hazardous (Enviromnent Agency 2005). They found that the shredding of a fully de- 
polluted ELV should "give rise to levels of mineral oil in shredder residues of 
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approximately 0.03%w1w - significantly below the hazardous waste threshold of 
0.1 %w1w ". Therefore, the Environment Agency decided to accept the classification of 
ASR as non-hazardous without testing, as long as all shredded vehicles had been de- 
polluted in line with the ELV Regulations and that this could be demonstrated through 
waste transfer notes. The Directive on the Incineration of Waste (The European 
Commission 2000b), unlike the landfill directive, has no prescriptive targets and 
therefore no part in shaping waste strategy. It does however set limits on emissions, 
operating conditions and water discharge, and strict controls on permits and 
monitoring. This directive was transposed into UK law in 2002 with the Waste 
Incineration Regulations (UK Government, 2002b). 
3.3.3 Waste Stream Legislation 
The Directive on Batteries and Accumulators (The European Commission 2006b) 
came into force in September 2006 and is due to be transposed into national law by 
26'h September 2008. This revises an earlier directive on batteries and accumulators to 
be in line with other related waste directives and programmes, such as the Directive 
on Waste Electrical and Electronic Equipment (WEEE). The key requirements of the 
directive include a partial ban on portable nickel-cadmium batteries and collection 
targets for portable batteries of 25% of average annual sales within 4 years, rising to 
45% after 8 years. It also bans the disposal of untreated automotive and industrial 
batteries in landfill or by incineration. 
The End-of-Life Vehicle Directive (The European Commission 2000a) contains 13 
articles of which 3 are directly relevant to the recovery sector. Article 5 covers the 
collection of ELVs. It affirms that member states should ensure that "economic 
operators" create a system for the collection of ELVs. It also promotes the issuing of a 
Certificate of Destruction (CoD) to the last owner as a condition of the de-registration 
process, and declares that all member states shall take "necessary measures to ensure" 
that delivery to treatment facilities is at no cost to the last owner (unless it does not 
contain "the essential components of a vehicle" or contains waste which has been 
added). Article 12 adds that this article also applies to vehicles put on the market after 
I" July 2002. 
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Article 6 regulates the treatment of ELVs by encouraging member states to inspect 
ATFs, ensuring that they are compliant with the minimum treatment requirements set 
out in Annex 1. This includes standards for storage, treatment, and de-pollution. It 
states that treatment facilities must "at least" strip the ELV before further treatment to 
reduce its environmental impact, remove hazardous materials and components to 
prevent contamination, and ensure the reuse, recycling or recovery of components. 
Article 7 sets the reuse and recovery targets for all end-of-life vehicles. These are the 
reuse or recycling of 80% and 85% of a vehicles weight by 2006 and 2015 
respectively, and the recovery (inclusive of energy recovery) of 85% and 95% of a 
vehicles weight by 2006 and 2015 respectively. Vehicles produced before 1980 were 
given the lower target of 70% for reuse and recycling and 75% for recovery. It states 
that the commission will "establish detailed rules necessary to control compliance" 
before 21s' October 2002 and prepare European standards "relating to the 
dismantlability, recoverability and recyclability of vehicles" by the end of 2001. Rules 
on the minimum requirements for a CoD were added in February 2002 (The European 
Commission 2002) and include the identification requirements for the last owner and 
vehicle. The article also stated that the 2015 targets would be re-examined before 31 st 
December 2005. 
The re-examination of the 2015 targets was completed in January 2007 (The 
European Commission 2007) and found that the targets "generate both substantial 
environmental and economic benefits and that repealing the targets would reduce 
these benefits ". It was therefore recommended that the commission should not revise 
the targets as stability was required to guarantee investment security in new waste 
treatment technologies. The rules on the monitoring of the reuse/recovery and 
reuse/recycling targets were also published late in April 2005 (The European 
Commission 2005a). These rules set out a number of basic tables and calculations to 
establish a reuse/recycling and a reuse/recovery percentage. For example the de- 
pollution and dismantling table, which is shown in figure 3.3, contains a number of 
material and part categories, such as batteries, tyres, large plastic parts, and glass, 
alongside a number of recovery options, such as reuse, recycling, energy recovery and 
disposal. 
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Materials from de-pollution 
and dismantling 
Reuse 
(A) 
Recycling 
(131) 
Energy Recovery 
(CI) 
Total Recovery 
(DI = BI + Cl) 
Disposal 
(EI) 
Batteries 
Liquid (Excluding fuel) t, 
Oil filters 
Other materials arising frorn 
de-pollution (excluding I'Liel) 
Catalysts 
Metal components 
Tyres 
Larg, e plastic parts 
Glass 
Other materials arising from 41 dismantling 
Total 
Figure 3.3, The reporting of materials from de-pollution and dismantling. 
Other tables include materials from shredding and end-of-life vehicle export, and 
require values in tonnes per year. Member states are required to complete these tables 
oil an annual basis (although the level ot'detail is in some cases voluntary), within 12 
months ofthe end ofthe relevant year. 
The commission decision on monitoring also allows member states to measure the 
amount of metallic material recovered through a data based assumption. Because 
vehicles are recovered alongside other consurner goods dUring shredding, the 
accuracy of the post fragmentation recovery data becornes compromised. To counter 
this problem, the commission recommended that member states conduct shredder 
campaigns to calculate a *metal content assumption'. This includes metallic parts 
removed for reuse during dismantling and ferrous and non ferrous materials recovered 
during post fragnicritation processing. The measurement of fuel recovered during de- 
pollution is also not included in the monitoring because of the lack of reliable 
information within member state. An EU average is therefore used during the 
calculation of the reuse/recovery and reuse/recycling targets. 
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3.3.4 The Transposition ofthe End-of-Life Vehicle Directive 
The End-of-Life Vehicles Directive was transposed into UK law in two stages. The 
End-of-Life Vehicles Regulations 2003 (UK Government 2003) transposed all of the 
articles of the directive except 5 and 7. These regulations include a requirement for 
producers to provide dismantling information to end-of-life operators, rules on the 
issuing of a Col), and regulations on the delivery and treatment of end-of-life vehicles 
including site licensing and vehicle de-pollution obligations. The End-of-Life 
Vehicles (Producer Responsibility) Regulations 2005 (UK Government 2005c) 
enforced many of the controversial aspects of the original directive. This included the 
declaration of responsibility for vehicles by manufacturers, and the targets required 
for 2006 and 2015. The regulations also implemented an 'own marque' vehicle take 
back obligation, whereby individual producers should "establish a system for the 
collection of the vehicles he has declared responsibility for placing on the market ". 
These networks are required to take-back vehicles with no market value at no cost to 
the last owner. However, producers were not made liable for vehicles that were 
returned to ATFs outside their network, and there was no obligation for the producer 
to meet the financial cost of take-back within their own networks. 
This approach was developed after lobbying from the manufacturers who felt that 
providing 'payment-per-car' recovery for all vehicles in the UK was too great a 
financial liability to appear on their balance sheet. This legislation led to the 
establishment of the UK take-back networks described in section 3.2. Due to the high 
value of scrap steel many ATFs and shredder operators were unwilling to give up any 
potential profit to vehicle manufacturers. Therefore the networks and manufacturers 
developed a contractual agreement referred to by many stakeholders as a 'zero cost' 
contract. These contacts, as the name refers, see no direct monetary value exchanged 
between the automotive and recovery sectors. This free market approach provides a 
take-back network that gives independence to the recovery chain at a time of high 
profit, with the manufacturers contributing to the promotion of the network (Personal 
Communication, Mike Rivers 04/2005). 
In accordance with the commission decision establishing detailed rules on monitoring 
compliance, the Department of Trade and Industry (DTI) commissioned a research 
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study in 2005 to discover the amount of metal currently recovered from ELVs in the 
UK. This study used a representative sample of 400 de-polluted vehicles, and 
shredded and separated them using conventional methods. The report concluded that 
74.53% of the vehicle weight was recovered and that the DTI should use a metal 
content assumption of 75% (Weatherhead and Hulse 2005). This has now been 
established as the UK's metal content assumption signifying that the recovery chain 
must achieve the extra 10% (for 2006) and 20% (for 2015) via non metallic recovery. 
In many other EU countries the transposition of the directive has been implemented in 
a number of diverse ways. In Germany the End-of-Life Vehicle Act came into force 
in July 2002, amending the End-of-life Vehicle Ordinance and fully transposing the 
directive into German legislation. This implemented an 'own marque' system similar 
to the UK, but also required "producerslimporters to make advance provision on the 
balance sheet in order to meet take-back cost" (Perchard 2004). In addition to the 
recovery targets set out by the directive, the act included recovery targets for 
dismantling and shredding facilities. In 2006 dismantlers were required to recover an 
(annual average' of 10% by weight of an ELV, and shredders were obligated to 
recover 5% of the ASR processed. In 2015 the ASR target increases to 10% with at 
least 5% being recycled. Most importantly, from the end of 2003, the' ordinance 
forced treatment facilities to remove large plastic parts such as bumpers and hubcaps 
(Perchard 2004). 
In 1993 the Dutch government created the Auto Recycling Foundation to consult on 
ELVs, and this in turn founded Auto Recycling Netherlands BV (ARN) which was 
given the task of managing ELVs and recovering 86% of a vehicles weight by 2000. 
To fund this organisation a disposal fee was charged on all new vehicle purchases. 
This paid for any shortfall on the cost of recovery at the end of life and is 45 euros per 
vehicle (approximately f3l) (Amaral et al. 2006). In 1997 30.6% (or 278) of 
dismantlers in Holland were within the ARN scheme, and the 86% target had been 
reached based on a "combination of assumption, externally supplied figures and 
actual measurement ofmaterials " (Zoboli et al. 2000). 
Because of the significant improvement made by ARN, the transposition of the ELV 
directive in the Netherlands was more stringent than most EU states. The Decree on 
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Management of End-of-Life Vehicles entered into force in July 2002 and now expects 
manufacturers to set up a country wide collection system. Other variations from the 
directive include guaranteed free take-back regardless of whether the vehicle is 
complete and the advancement of the 2015 target to 2007. There are also increased 
environmental rules which include the dismantling and processing of 18 materials 
(Perchards 2004). 
A car scrapping regulation has been in force in Sweden since 1975 and has parallels 
with the Dutch ARN model with first car owners paying a scrapping fee which went 
towards a publicly managed fund. This was then distributed as premiums to final car 
owners and to dismantlers (Zoboli et aL 2000). The transposition of the directive 
through the Producer Responsibility Ordinance of 1998 has shifted this payment away 
from first car owners and onto manufacturers and importers. This means that 
manufacturers are liable for disposal costs when the vehicle is first registered. These 
costs are split between cars registered after 1997 (700 SEK or E53) and vehicles 
registered before this date (1500 SEK or El 13), although many of these are covered 
by the previous first owner payments. The 'Vehicle Disposal Premium' paid to last 
owners is still in place and varies from approximately E50 for vehicles registered after 
1997, to ; E122 for cars more than 16 years old (Perchard 2004). Like the Dutch, 
because of the infrastructure already in place, the recovery targets have been brought 
forward with the recovery of 85% by 2002. In February 2004 Sweden had 560 
licensed dismantlers and 6 shredder locations to cope with the 280,000 ELVs treated 
each year (ACEA 2004). 
3.4 Vehicle Collection and Deregistration 
End-of-life vehicles can broadly be broken down into three categories, Premature 
ELVs, Natural ELVs and Abandoned ELVs. Premature ELVs are vehicles of any age 
that have been "terminally damaged as a result of an accident, flood, fire or theft" 
(Kollamthodi et al. 2003). These vehicles are usually initially dealt with by motor 
insurance companies who place the vehicle into one of four categories which are 
shown in table 3.1. 
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Salvage Category Description 
Cate ory A 
Scrap only (i. e. with no economically salvageable parts and which is of 
value only for scrap metal) c. o. total burn outs. I 
Category B Break 
for spare parts if economically viable (excluding any residual scrap 
value). 
Category C Repairable but repair costs exceed the vehicles pre accident value (PAV). 
Category D All other repairable vehicles 
'Fable 3.1, Vehicle salvage categories for insurers and salvage agents (ABI 2001 ) 
From these categories, vehicles which are classified as A or B must never reappear on 
the road (i. e. 100% are ELVs), whilst it is estimated that 60% of vehicles in C and D 
become ELVs. This equated to approximately 362,731 vehicles in 2000 which 
accounted lor over 17% ofall end-of-life vehicles (Kollarnthodi ef (d. 2003). Natural 
El-Vs are vehicles that have come to the end oftheir usef'ul lives and have little or no 
resale value. The average age of these vehicles can vary dependent on attitudes within 
different nation states. For example, it is estimated that a natural ELVs age is 12.8 
years in the UK (Kollamthodi ef al. 2003), but in Italy this rises to 14-15 years 
(Zoboli et al. 2000). In the year 2000 natural EI, Vs contributed approximately 71% of 
all ELVs in the UK (Kollarnthodi et al. 2003). 
There is no legal definition of 'Abandoned', but a vehicle is seen to be abandoned 
when it exhibits one or more of the following traits; it is untaxed, it has no current 
vehicle keeper recorded by the DVLA, it has been stationary for a significant amount 
of' tirne, it is significantly damaged, rundown or unroadworthy, it is burned out, it 
lacks one or more of its number plates, or if it contains waste (DEFRA 2007). The 
decision to class a vehicle as abandoned is therefore in the hands of local authority 
officers, and the cost of disposal lies with local councils. There were estimated to be 
247,034 abandoned vehicles in the UK in 2000 (12% of all ELVs), with an average 
collection cost of approximately 00 (Kollamthodi el al. 2003). The total number of 
vehicles estimated to be in these ELV categories in 2000 is shown in table 3.2. 
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ELV Type Number of Vehicles Percentage 
Premature 362,731 17', ', ý 
Natural 1,500,202 71% 
Abandoned 247,034 12% 
Total 2,109967 100% 
Table 3.2, The number and type ot'l, 1, Vs in 2000. 
Many collection services still exist for E'LVs and normally charge a maximum off 10 
(personal communication, Derek Wilkins 01/2005), but it is unclear whether these 
independent services will be able to legally continue. All FI, Vs now require a CoD to 
be recovered, which involves the de-registration ofthe vehicle with the DVLA. This 
requires the vehicles V5 docurnent, along with the personal details and signature of 
the last keeper. However, when a vehicle is delivered to an ATF by an independent 
collection company, it is not delivered by the DVLA registered last keeper and 
therefore a CoD cannot be issued. This has resulted in closer ties between collection 
companies and ATFs, with the final keeper notifying the ATF directly and completing 
the required paperwork before the collection company is contacted (personal 
communication. Derek Wilkins 01/2005). 
I listorically when a vehicle arrives at an ATF, a gate fee is charged to the last owner 
for its recovery and disposal. This fee, as indicated in chapter 1, has in previous years 
caused an increase in abandonments and in turn was a driver for the ELV Directive. 
I lowever, in recent years this gate fee has reduced as the value of scrap steel has risen, 
and last owners should receive approximately f50 for an ELV (personal 
communication, Derek Wilkins 01/2005). This would therefore cover the average 
collection cost to councils but is highly dependant on the value of scrap steel and is 
therefore changeable. 
25 
Chapter 3 
3.5 De-pollution and Dismantling 
Generally the first process of recovery is the de-pollution and dismantling of vehicle 
components at ATFs. The amount of processing currently depends oil the commercial 
worth ofthe vehicle, but IIIUSt InClUde cle-pollution as well as the potential removal of' 
the wheels, engine, gearbox, tyres, radiator and other spare parts (carburctlor, 
alternator) depending on their condition and reuse value. The cle-pollution process 
requires the removal of' the vehicles battery, tILlids (such as engine oil, transillissioll 
oils, coolant, hydraulic oils, shock absorber fluld, I'Liel and screen wash) catalyst, LPG 
tank, mercury switches, wheel balancing weights, airbags, and seatbelt pretensioners. 
along with any other hazardous substances (DEFRA and DTI 2007). A typical de- 
pollution sequence is shown in table 3.3. 
De-pollution Operations 
Remove Battery 
Remove fuel Filler cap and oil Filler cap 
Set heater to maximum 
Remove wheels and separate lead balance weights 
Remove any parts identified as containing mercury 
Put vehicle onto supportfiralne 
Drain engine oil and remove oil filter 
Drain transmission oil, including rear differential it'applicable 
De-gas air conditioning unit (if fitted) 
Drain coolant 
Drain brake fluid 
Remove Catalyst (if fitted) 
Drain washer bottle 
Drain brake/dutch reservoir 
Drain power steering reservoir (if fitted) 
Drain fuel tank 
Drain shock absorbers or remove suspension fluid 
Replace drain plugs/fit plastic stoppers 
Remove vehiclefroin supporifi-aine 
Remove airbag (if fitted, and can not be deployed in-situ) 
Deploy airbag in-situ (if fitted and able to conduct this operation) 
Table 3.3, Possible de-pollution sequence (DEFRA and DTI 2007) 
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Although this official guidance does not include the removal of tyres, they are also 
separated due to their ban from landfill under the landfill directive. Estimates of the 
de-pollution time can vary and are dependent on which hazardous substances the 
vehicle contains (airbag, shock absorbers etc) and the de-pollution times required to 
remove them. A survey of 24 ATFs by Coates (2006) found that the average de- 
pollution time was 23 minutes and 32 seconds with each facility having an average of 
2.2 de-pollution rigs. This is in agreement with the approximate time of 20 minutes 
given by DEFRA and DTI (2007). 
Kollamthodi et al. (2003) estimate that the average amount of waste oil recovered 
from an ELV is 7.5 litres. Fitzsimons et al. (2001) outline the reprocessing routes for 
recovered oil within the UK, but summarise by saying that almost all recovered 
lubricant is either "burnt in seven large coal or oilfiredpower stations, 125 rotary 
heaters in road stone quarries, two or three cement and lime kilns, dozens of 
industrial furnaces, and an unknown number of small boilers and space heaters". 
They also state that the users of recovered fuel oil would pay up to I lp per litre, 
making the average recovered oils worth a maximum of 82p per ELV. 
For the recovery of batteries, Environmental Resource Management (2000) estimated 
that 112,000 tonnes of battery were removed from vehicles in the year 2000 and 
assumed a recycling rate of 90%. The fate of ELV tyres is presented in figures by 
Kollamthodi et al. (2003) showing that 42.9% of tyres, by weight, are either sent to 
landfill or used for landfill engineering, with 28.6% reused, retreaded or exported, 
12% incinerated, and 16.6% recycled. These figures are similar to those produced in a 
report to the DTI by Hird et aL (2002) which state that in 1998 it was estimated that 
41% of tyres were landfilled, stockpiled or illegally dumped. This report also outlines 
the options available for tyre reprocessing including reuse, retreading, landfill 
engineering, shredding and crumbing, energy recovery, and material recovery through 
pyrolysis. Several other papers have looked at the potential for recycling the rubber 
crumb derived from tyres for different applications. Khalid and Artamendi (2004) 
investigated the benefits of using waste crumb rubber in paving asphalt with their 
results stating that the crumb could be around 10% of the asphalts composition. Haber 
(2001) presents automotive applications in which masticated rubber can be used, 
including seals, splash shields, fuel tank pads and spare tyre protectors. 
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To aid in this process a number of companies have begun to produce specialist 
equipment to reduce de-pollution times. One such company is Crow Environmental 
(2007) who have designed fuel extraction tools which uses a pneumatic spike to 
puncture the fuel tank and remove the fuel without danger of vapour or fuel leakage. 
They also produce cat cutters to safely remove catalytic converters, and shock 
absorber drainers. All of these products are pictured in figure 3.4. 
In terms of dismantling, Coates (2006) found that of the 24 responding ATFS, 20 were 
involved with reuse, whilst only 2 conducted dismantling for non-metallic recycling. 
Removal times for the most common reused parts were also collated by this study and 
are shown in table 3.4. From these assemblies, the most widely removed were the 
headlamps, engine, gearbox and door mirrors. However, 67% of respondents felt the 
reuse market was in decline. The feeling of decline within the reuse market is not 
confined to this survey, as a number of industrial visits have confirmed that many 
end-of-life operators have seen a reduction in part reuse as vehicles have become 
more integrated, with less potential for hobbyists to improve their vehicles with 
reused parts (personal communication, Derek Wilkins 01/2005). 
Figure 3.4, from left to right; a fuel extraction tool with the hole produced, a shock 
absorber draining system, and a cat cutter (Crow Environmental 2007). 
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Component Average 
Removal 
Time (minutes) 
Resale Value for 
Premature ELV (f) 
Resale Value for 
Natural ELV (f) 
Engine 71 418.00 132.24 
Gearbox 52 205.92 112.51 
Alternator 15 41.16 24.73 
Starter motor 17 38.45 30.41 
Distributor 10 37.01 22.80 
Head-lamp 12 25.43 13.11 
Quarter glass 14 25.30 22.40 
Radiator 16 37.23 20.53 
Wing mirror 9 29.55 18.56 
Total 216 858.05 397.29 
Table 3.4, Average assembly removal times and revenues generated (Coates 2006) 
As localised reuse has decline, the number of national mail order networks, who 
collect vehicles and spare parts and distribute them via courier, has increased. The 
advent of the internet has allowed many of these once small operators to provide a 
nationwide service with next day delivery. Examples include autobreakers. co. uk and 
carparts-uk. com. 
There is minimal dismantling for parts and materials that are not suitable for reuse and 
are not included in the de-pollution requirements. Kollamthodi ef al. (2003) state that 
although research is ongoing with plastic recovery "very little plastic is currently 
reprocessed ftom dismantlerslscrapyardslshredders other than ftom batteries ". The 
ELV directive has forced manufacturers to provide dismantling information for ATFs, 
particularly in relation to removal and recycling of plastics. The International 
Dismantling Information System or IDIS was created to narrow this information gap 
by providing a list of recommend non-metallic parts for removal on any vehicle 
produced by any one of the 58 manufacturers involved (IDIS 2007). A screenshot of 
the IDIS program is shown in figure 3.5 and includes information on weights, 
materials and attachments, divided into 8 different categories including pre-treatment, 
doors and glazing, exterior, dashboard, interior, seats, engine compartment and load 
space. Common parts include bumpers, centre consoles, wash fluid tanks and glove 
boxes. 
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Figure 3.5, A screenshot of the International Dismantling Information System. 
However, a study initiated by the Consortium for Automotive Recycling (CARE) 
(Weatherhead 2005) found that the removal and cleaning of a 900g ABS glove box 
took 2.5 minutes. At this removal rate and with a labour cost of 16/hour, this would 
result in a cost of 1360 per tonne with the material not even leaving the site. It was 
also found that from the 20 vehicles involved in the study, the yield rate for parts 
identified by IDIS as readily available was 0.26 Kg per minute, equating to a cost of 
1384 a tonne (not including transport) to achieve only 0.26% of the recycling and 
recovery target. It has been indicated through interviews with stakeholders during a 
series of industrial visits, that the logistical cost would be the most prohibitive factor 
in recovering plastics from ATFs, and that the technology is not available to verify the 
quality of end-of-life plastics for closed loop recycling (personal communication, Paul 
Farquharson 09/2005). Figure 3.6 shows that although consideration has been given to 
plastic removal, it is still seen as financially unviable. 
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64% 
15% 
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Figure 3.6, The opinion of ATF owners on the dismantling ol'plastics for recycling 
(Coates 2006). 
Autornotive glass is also not seen as a viable recovery option with Brinkler (2004) 
stating that -present day melhods ofglass reinovalfi-oin i, ehicles cire insut Wicient to 
inake it economically fiasible". Some research has attempted to improve the 
efficiency of dismantling through the use of new methods and organisation. Suzuki el 
td. (2001) provide an overview of the research activities conducted by a working 
group formed by the Japan Automobile Manufacturers Association. This includes 
fluid removal and dismantling technology for the bumpers, windscreen glass, 
instrument panel and trim using optimised disassembly tools. Ilesselbach and 
Westernhagen (2001) go further to suggest stages and requirements for a disassembly 
line for all products, highlighting the benefits of grouping operations and job sharing. 
Others have presented management methodologies to enhance tile efficiency of 
disassembly. Ferguson and Brown (2001) investigated tile information required to 
decide processing routes for specific components, and outlined software that was 
developed to identify the route that yielded the highest economic return. Erdos et al. 
(2001) and Seo el al. (2001) also put forward optimal disassembly methodologies 
based on AND/OR graphs and Total Cost Assessment (TCA) respectively. 
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Kazmierczak et al. (2004) discuss the current and future disassembly of vehicles 
through 13 interviews with stakeholders, and attempt to bring design and recovery 
together through a workshop involving the redesign of a car seat. Other papers have 
attempted to predict both the organisational need, and more specifically, the material 
requirement of the directive based on current economics. Bellmann and Khare (1999) 
analyse how financial resources could be organised for the ELV recycling system, 
whilst Johnson and Wang (2002) have attempted to develop an analysis tool that uses 
demanufacturing optimization to evaluate the economics and material destinations 
within the imposed requirements of the new legislation. This is achieved through 3 
models, one considering the North American situation with no legislation, one 
considering the EU situation without energy recovery and finally one with energy 
recovery (including tyre recycling). It concludes that the 2006 targets can be met 
economically through the removal of only 9 of the parts listed on the IDIS database 
along with tyre recycling and remanufacture. 
3.6 Shredding and Post Fragmentation Separation 
The most common and successful recovery method for ELVs is shredding and post 
fragmentation separation. Shredders can range from 1000 to 7000 horse power, and 
process up to 200 tonnes of feedstock per hour (Ambrose et al. 2000) This process 
can recover approximately 72% of a vehicles weight through the division of the 
vehicles ferrous content using magnetic separation (Kollamthodi et al. 2003). Non 
ferrous materials can also be separated using their magnetic, paramagnetic and density 
properties to achieve a recovery rate of 95% for the metallic content (Ambrose et al. 
2000). A common post fragmentation processing route is shown in figure 3.7. 
Although definitive material percentages and processing routes are not available 
because of the variability in the industry and the lack of research conducted in this 
area, the values in figure 3.7 have been generated by combining research from a 
number of sources (WERG 2002, Weatherhead and Hulse 2005). The processes 
shown in figure 3.7 are detailed in the following sections. 
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Non- Eddy Conductive Ferrous Current metals Separation 0.52% 
Non-Conductive 
Figure 3.7, The shredding and post fragmentation recovery process. 
3.61 Air Classification 
The process of air classification generally exists in two stages, the first where the light 
materials are separated from the heavy materials by an air current, and the second 
where the light materials are separated from the air usually via a cyclone (Aame 
Vesilind and Rimer 1981). This initial separation is reliant on several of the materials 
properties including density and area. However it has been found that the terminal 
(falling) velocity of a particle, which dictates its separation, is heavily affected by 
density and only marginally affected by other variables (Sweeney 1977). Shredder 
operators usually implement air classification immediately after shredding, leaving a 
large metallic rich heavy fraction and a small highly mixed light fraction consisting of 
materials such as plastic, foam, wire and textiles. 
3.62 Size Classification 
Size classification or screening separates particles by size either via a trommel or a 
reciprocating screen. These methods involve the movement of the particles along a 
33 
Chapter 3 
surface containing apertures. If the particle is smaller than the apertures it will be 
separated from the material stream by falling through. Most shredder operators use a 
trommel, which is a rotating drum with two different sizes of aperture splitting the 
stream into three fractions. 'Screening is usually implemented at the end of a series of 
operations and is used primarily for the removal of glass and other fine particles 
(Aarne Vesilind and Rimer 198 1). 
3.63 Magnetic Separation 
Magnetic separation methods attempt to either remove ferrous impurities when they 
contaminate a material stream, or purify a ferrous stream by removing non ferrous 
contaminates. In traditional ELV recovery the purity of a large ferrous stream is the 
main driver for its use. When a material with a magnetic permeability greater than the 
medium in which it is immersed (usually seen as air), the force in the magnetic field is 
attractive, whilst if the material has a lower magnetic permeability, the force is 
repulsive (Aarne Vesilind and Rimer 1981). Although this is one of the most efficient 
separation techniques, some non ferrous materials that are attached to ferrous metals 
cannot be separated from the ferrous stream. 
3.6 4 Eddy Current Separation 
Eddy current separation is a process based on the forces of magnetic repulsion. This is 
achieved by inducing eddy currents in conductors creating a repulsion to the magnetic 
field present. Therefore the magnetic field levitates the conductor in the direction of 
the field motion and separates it from the material stream. Because of this motion, the 
ratio of electrical conductivity to density within the material provides a measure of 
separation. The process is commonly used after magnetic separation on non ferrous 
waste and is highly successful at separating aluminium within municipal solid waste. 
3.6 5 Dense Media Separation 
Separation by density divides a material stream by whether the content sinks or floats 
in a particular liquid medium. The separation is therefore dependant on the 
comparative densities of the medium and the material content of the stream. Drum 
separators are commonly used in ELV recovery and involve a rotating cylinder which 
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picks up the 'sink' materials from the bottom, whilst the 'floats' move with the flow 
of the medium (Willis 1997). The process is able to separate materials with small 
specific gravity differences, and can separate plastics by using different 
concentrations of calcium nitrate in water (Sodhi et aL 1999). In ELV recovery 
densities of 1500 and 3500kg/m3 are commonly used to purify metallic streams. 
3.7 Material Streams 
The recycling of any material requires a high purity and a recycling market for that 
material. Most metallic materials have highly developed recycling routes for both 
ferrous and non-ferrous metals. Whilst steel is valued at approximately E200 per 
tonne (Eurofer 2006), other non ferrous metals can be valued at between E500 and 
; E2000 per tonne depending on their purity. However, the recycling of post consumer 
plastic has been restricted to highly pure packaging materials, and the recycling of 
automotive plastics is currently limited to clean post industrial scrap and post use 
battery cases (Zoboli et aL 2000). Because of this, the market is underdeveloped and 
although pure stream plastics can command a value of as much as f. 500 per tonne, this 
is rarely a consideration for highly contaminated post fragmentation plastic streams. It 
is estimated that approximately 1.3 million tonnes of metal arising from vehicle waste 
was recycled in 2000, but in the same year only 2000 tonnes of ELV plastic was 
recycled (Kollamthodi et aL 2003). 
The composition of the remaining Auto Shredder Residue (ASR) is highly debatable 
and is unique in almost every study. Some studies such as Bellmann and Khare (1999) 
provide exact percentages, such as 33% plastic, 13% glass, and 25% elastomer/tyres, 
whilst others like Ambrose et al. (2000) state that over 50% by mass was "smaller 
quantities of other materials such as glass, stones textiles andfibres, as well as very 
small fragments that were not easily identifiable as specific materials". The options 
for this material other than for landfill are currently very limited. Fisher and Mark 
(1999) in their review of the plastic content of ASR, state that the most viable short 
term option is co-combustion with municipal waste for energy, or use as a fuel for the 
cement or steel industry. Although not implemented in the UK, there has been some 
success in co-firing an amount of ASR (5-10%) with municipal waste (Zevenhoven 
and Saeed 2002) and also several pilot projects in France, Italy and Germany 
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suggesting it can be a "rational solution ftom an economic point of view, given that 
calorific value of ASR is comparable to that of coal" (Zoboli et al. 2000). However, 
the success and expense of incineration does depend on the content of the ASR. The 
presence of PVC, which has a lower heat value than most other plastics and a high 
chlorine content (47%), generates hydrochloric acid and may generate dioxins. 
Because of the chlorine content in PVC, the incineration of PVC alone costs between 
240 and 400 ECU per tonne, compared with mixed plastic (including 11% PVC) 
which costs between 20 and 49 ECU per tonne (Bellmann and Khare 1999). 
The separation of ASR using new technology is the subject of much research. The 
TwinRec system presented by Selinger et aL (2003) uses a fluidised bed gasifier and a 
cyclonic combustion chamber to separate ASR into bottom ash (comprising of glass, 
stones etc), metals (iron, copper and aluminiurn) and granulated glass, as well as 
producing electricity from the waste's energy. The method is already in operation in 
Japan and has processed 95,000 tonnes of waste between its opening in 2000 and 
January 2002 (Ando et aL 2002). There are also studies by the Vehicle Recycling 
Partnership in the United States which investigated methods of Skin Floatation 
(Winslow et aL 1999) and combinations of both wet and dry separation techniques 
(Paxton and Caron 1999). 
However, landfill is the only current destination for ASR in the UK. Landfill for 
active waste currently costs approximately E50 per tonne, of which ; E21 is landfill tax 
(Waste Aware Western Isles 2006). This tax rate was set to rise by 0 per torme every 
year until 2010 when it reaches E35 per tonne. However, in the budget of 2007 the 
escalator was increased to E8 per tonne, increasing landfill tax to E32 per tonne from 
April 2008. The European Waste Catalogue (EWC) (The European Commission 
2000c) describes all waste categories and defines whether they are classed as inert, 
active or hazardous. If the EWC classes the waste as hazardous there are currently 14 
hazardous landfill sites available in the UK, the cost of which is approximately E140 
per tonne (Waste Aware Western Isles 2006). 
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3.8 Summary 
This chapter has provided an overview of the current factors affecting vehicle 
recovery and the efforts made, both through legislation and by end-of-life operators, 
to improve it. The review of regulations surrounding the recovery industry provided a 
valuable background to the increasing restrictions on waste management. The 
overview of processing methods showed that the legislative requirements for 
additional processing measures, such as de-pollution and the removal of hazardous 
substances such as tyres, have reduced the profitability of the sectors. However, these 
measures have reduced the environmental impact of vehicle recovery and increased 
the professionalism of the sector. 
Additional legislation has also provided increased complexity within recovery, such 
as the creation of a metallic content assumption. This has focused end-of-life 
operators and manufacturers on the recovery of non-metallic material via disassembly 
or post fragmentation processes in order to achieve the vehicle recovery targets. 
However, it is clear from the series of industrial visits conducted during this research 
that the vehicle recovery sector does not believe the dismantling of materials for 
recycling is economically viable. The majority of parts removed during disassembly 
are for reuse and are metallic. Therefore, these parts will not contribute to the 
attainment of recovery targets. Because of the lack of disassembly for material 
recycling, technological advancement in post fragmentation technologies is seen as 
the most likely way to increase vehicle recovery and achieve the recovery targets. The 
importance of these recovery factors during vehicle design will be investigated in the 
following chapter, and their relevance to the long term sustainability of vehicle 
recovery will be central to the research presented in this thesis. 
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Chapter 4 
Review of Relevant Research on Environmental Vehicle 
Design 
4.1 Introduction 
The research described in this thesis attempts to provide a design framework to 
improve end-of-life value recovery from vehicles. This chapter provides a review of 
environmental design methodologies currently applied within the vehicle design 
process or the subject of research within academia. The successful applications of 
these techniques are highlighted and their weaknesses recognised. Particular attention 
is also given to the impact of end-of-life design regulation on the development of 
these methods. 
4.2 An Overview of Environmental Design Methods 
Although design only contributes to approximately 5% of the total cost of a product, it 
can alter manufacturing costs by over 50% (Ulman 1992). Boothroyd and Dewhurst 
(2002) state that 70% of costs are influenced by design, whilst Gattenby and Foo 
(1990) estimate that 80 to 90% of the total life cycle cost of a product is determined 
during the design stage. Therefore, the impact of the design process has clear 
implications on a product's lifecycle and provides the most influential point in which 
to effect change. To achieve this change, tools have been developed which analyse 
and improve the product's lifecycle during the design process. The illustration shown 
in figure 4.1 outlines some of these concepts, which are described in detail within this 
chapter. Lifecycle design encompasses the assessment of environmental costs (Life- 
cycle Anaysis) and financial costs (Life-cycle Costing) throughout the life of a 
product. 
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Life-cycle Design 
ILife-cyde Analysis (LCA) 
-) 
c 
Ufe-cycle Costing (LCC) 
-3 
Design Industrial 
Regulation Design for Service Application 
Design for Disassembly (DfD) 
C 
Design for Recycling (DfR) 
-j 
Figure 4.1, Lifecycle design methodologies and factors. 
This also includes design methodologies aimed at specific areas of the lifecycle such 
as Design for Service which promotes both use and reuse, and end-of-life design 
techniques to encourage dismantling (Design for Disassembly) and recycling (Design 
for Recycling). These design processes also require an understanding of the regulation 
that governs the products lifecycle and their potential for industrial application. The 
following sections outline these techniques, and consider their influence on vehicle 
recovery value. 
4.3 Life Cycle Design 
Life Cycle Costing (LCC) and Life Cycle Analysis (LCA) attempt to evaluate the 
impact of a product's design on its use in terms of cost and environmental impact 
respectively. Kane et al. (2000) and Norris (2001) provide useful comparisons of 
LCA and LCC, as shown in table 4.1. LCC analysis provides "the framework for 
specifying the estimated total incremental costs of developing, producing, using, and 
retiring a particular item" (Asiedu and Gu 1998). To achieve this, the total life cycle 
cost can be broken down into categories within a Cost Breakdown Structure (CBS), as 
described by Fabrycky and Blanchard (1991). For example, retirement and disposal 
costs can be broken down into the disposal of non-repairable parts, product 
retirement, and documentation. 
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Tool/Method LCA L(V 
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investments and business decisions, frorn the 
function, froni a broad, societal 
perspective ofan economic (Iccision maker 
perspective. such as a manufacturing 
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supplying end-of-life steps. 
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.d 
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Units for tracking primarily mass and energy; occasionally Monetary units (e. g., pounds, euro, etc) flows volume, other physical units. 
The timing of processes and their release 
or consumption flows is traditionally Timing is critical. Present valuing 
ignoreclý impact assessment nlay address a (discounting) of costs and benefits. Specific Time treatment and fixed tirne window of impacts (e. g., 100- tirne horizon scope to be adopted, and any 
scope year tirne horizon for assessing global costs or benefits occurrim; outside tile scope 
warming potentials) but tI UtUrc impacts ignored. 
are generally not discounted. 
Table 4.1, How LCA and LCC diftler in purpose and approach (Norris 2001) 
Costs within a CBS are estimated through the use ofcost modelling techniques, such 
as parametric, analogous or detailed models. Parametric estimating generates and 
applies equations which are based on the relationship between the undefined costs and 
measurable attributes (Dean 1995). The equations generated are normally referred to 
as Cost Estimate Relationships (CERs). CERs can, flor example, model the 
relationship between the cost of a bUilding and its floor area (Asiedu and Gu 1998). 
Analogous models are created by identifying similarities between different products, 
whilst detailed models use detailed estimates such as material value to generate direct 
costs (Shields and Young 199 1 ). 
LCA can be categorised as a Design for the Environment (DIE) analysis tool, and was 
first formalised by the Society for Eco-Toxicology and Chemistry (SEJAC) in 1993 
(Consoli et al. 1993). Rahimi and Weidner (2002) describe DIE as the consideration 
of "the environmental impacts ofa product design over the entire lilý cycle, including 
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raw materials extraction and processing, finished product manufacturing and 
assembly, product packaging and distribution, product use, and end-of-life 
disposition or disposal". LCA attempts to attribute these environmental impacts for 
all of the lifecycle stages, and its principles and framework are documented within 
IS014040: 2006 (International Organisation for Standardisation 2006). The LCA 
framework is based around the four stages shown in figure 4.2, and described below 
(Lewis and Gertsakis 2001): 
Goal and Scope Derinition - This stage defines the boundaries of the system 
being assessed. 
" Inventory Analysis - This stage determines the flow of material and energy 
through the defined system. 
" Impact Assessment - This stage uses the data collected by the inventory 
analysis and classifies it into impact categories defined by the scope. 
" Interpretation - Results from the LCA are verified and tested, and 
conclusions are reported. 
Life-cycle Assessment Framework 
Goal and Scope Definition 
(IS014041) 
Inventory Analysis Interpretation 
(IS014041) (IS014043) 
Impact Assessment 
(IS014042) 
Figure 4.2, The Life Cycle Assessment Framework (International Organisation for 
Standardisation 2006). 
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However much of the information required for an accurate LCA study is either 
unavailable or unreliable, and some of the steps require subjective judgements. 
Attempts have been made to simplify LCA into a single indicator to effectively 
highlight envirom-nentat impacts and costs, such as Vogtlander et aL (2000). 
However, it was reported that while the general public accepted this premise, experts 
did not. 
LCA is most applicable to global factors and not local impacts that depend on timing 
and location (Lewis and Gertsakis 2001). This has particular relevance to end-of-life, 
where many LCA studies have highlighted the lack of environmental impact. An LCA 
study by Schmidt et al. (2004) on the influence of light weighting and end-of-life 
scenarios on passenger vehicles, found that for 3 different weight scenarios (1000kg, 
900kg, and 750kg) and three end of life scenarios (today, 100% recycling and 100% 
recovery), the "relative contribution of the end-of-lifie phase represents 5% or less of 
the total life cycle impact for most selected categories and scenarios". Kobayashi 
(1996) reported that the energy consumption at end-of-life was only 0.1% of total 
energy consumption over the lifecycle of a vehicle, and Schweimer and Levin (2002) 
in their LCA study on a Volkswagen Golf A4, failed to include the end-of-life phase 
as "the expected amount of recovered energyfrom the calori c value of the materials 
far outweighs the expenditure of energy on dismantling and shredding". However, the 
end-of-life recovery or disposal of a product still forms a major part of both research 
and company WE initiatives, with many of these described in the following sections. 
4.4 Design for Service 
Designing a product to be serviced is based on increasing its modularity and reducing 
its dependency on other parts and modules. To define modularity, Ulrich (1995) 
described four product architectures based on the relationships between physical 
components and functional attributes. The slot, bus and sectional architectures 
describe varying degrees of modularity as defined by their interfaces. Fixson (2003) 
states that the most common description of modules is that they exhibit "relatively 
weak interdependencies between each other and relatively strong interdependencies 
within them ". 
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Ulrich (1995) provides a more function-centred description by stating that a modular 
architecture includes: 
*A one-to-one mapping from functional elements in the functional structure to 
the physical components of the product. 
* The decoupling of interfaces between components. 
4.4.1 Applying Modularity 
Fixson (2002) provides an overview of the many dimensions of modularity. This is 
done in three sections, firstly looking at the depth of modular containment and 
interfaces, secondly at the technical and marketing viewpoints, and thirdly at the 
lifecycle phase perspective. He comments that whilst design and development 
modularity intends to minimise communication effort and reduce the risk level within 
larger developments, the production phase aims at lowering production and logistical 
costs, and reducing lead times. The use of the product is normally aligned to the aims 
of the other life cycle phases, but the retirement phase is often entirely different from 
those in design, production or use. Ishii and Yang (2003) present a survey on the 
impact of modularity conducted by international collaborators. The anticipated 
benefits of a modular architecture included better quality, shorter development time, 
flexibility and variety, risk reduction, and cost reduction. Potential pitfalls were listed 
as lower quality, integration issues, lack of creativity, organisational risk, and cost 
increases. 
Whilst integration may provide reductions in size and weight, it has a negative impact 
on many recovery aspects. Ulrich (1995) disagrees with the suggestion that a modular 
structure is always best, as "function sharing" and "geometric nesting" (i. e. integral 
design) can minimize mass and size, whilst modular design could waste resources. He 
states that "In most cases the choice will not be between a completely modular or 
integral architecture, but rather will be focused on which functional elements should 
be treated in a modular way and which should be treated in an integral wqy'ý 
Simpson (2004) defines two forms of platform design, namely module-based product 
families and scale-based product families (where product families are scaled up or 
down depending on the market). 
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Several modular design methods, aimed specifically at reducing the environmental 
impact of the product, are also presented in the literature. Bryant et al. (2004) present 
a method that attempts to reduce the product's part count and improve its life cycle 
impact. This technique uses an Elimination Preference Index (EPI) to rank relevant 
factors, such as assembly time and recyclability, out of 10. A simple mathematical 
pair-wise comparison is then used to compare these factors, before they are quantified 
using a Boothroyd and Dewhurst method. Newcomb et al. (1998) also attempt to 
combine lifecycle thinking with modular design. Their principle hypothesis is that 
'for the majority of products, a product's architecture plays a predominant role in 
determining its assembly, disassembly, recycling, service, and other post life 
characteristics" A method is presented using Design Structure Matrices (DSMs) to 
show the interaction of parts from the different viewpoints so that similarities are 
recorded and used in the creation of modules. 
4.4.2 Modularity in Vehicle Design 
Modular architecture has been applied within the car industry for many years, with 
many manufacturers using the same modules across their range of vehicles. Examples 
include Volkswagen whose platforms, which consist of floor group, drive system, and 
running gear, are shared across several models as well as all of its brands (Simpson 
2004). This allows the manufacture of assemblies to be outsourced to tier one 
sUPPlier's. This shortens lead time and reduces costs with Muffatto (1999) stating that 
the sharing of under bodies can reduce capital investment by 50%, and the use of 
platforms can reduce product lead times by as much as 30%. 
Although many current methods apply modularity for the single purpose of reducing 
design and manufacturing cost, several vehicles have recently appeared which extend 
the influence of modular design to the life of the vehicle. The Smart car is built from 
pre assembled modules that allow the vehicle to be disassembled and personalised to 
the users taste (Van Hoek 2001). Although this is currently limited to cosmetic parts, 
such as door panels, it does provide an example of the potential customisation of 
vehicles in what is a highly competitive industry. The use of modular design to 
improve customer choice also has benefits for the reuse of vehicles parts, with the 
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enhanced interchange of parts and functions. Ford have also begun to develop a 
modular architecture within the Model U concept car, which provides custornisation 
for the user and improves environmental performance. Its key features include a 
reconfigurable interior and exterior. Ford state that it is designed for mass production, 
but has a nearly infinite capacity for personalisation and upgrade (Ford 2006). 
However, many of the current applications of modular design within the car industry 
focus heavily on the production of the vehicle, which can be detrimental to both the 
user and the vehicles end-of-life recovery. For example, many modules are based on 
the physical relationships between their parts and not the functional relationships. 
This benefits easy production, but reduces the potential for customisation, reuse and 
recycling, where modules consist of differing functions and materials that require 
increased dismantling. There are also negative aspects to modular vehicle 
architecture, which include an increased dependence on module interfaces for system 
level performance. Modular design techniques can also contradict common design 
methods such as DFA, which attempt to reduce costs and improve environmental 
performance by reducing weight and materials, encouraging integration and not 
modularity (Simpson 2004). 
4.5 Design for Disassembly/Design for Recycling 
Many different techniques exist to improve the end of life characteristics of a product 
during its design. Design for Recycling (DfR), which aims to increase end-of-life 
recycling through improved material selection, is a central element to ME, with 
Gungor and Gupta (1999) describing its general characteristics as: 
9 Long product life with the minimised use of raw materials (source reduction) 
* Easy separation of different materials 
9 Fewer number of different materials in a single product while maintaining 
compatibility with the existing manufacturing infrastructure 
* Fewer components within a given material in an engineered system 
* Increased awareness of life cycle balances and reprocessing expenses 
e Increased number of parts and subsystems that are easily disassembled and 
reused without refurbishing 
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9 More adaptable materials for multiple product applications 
* Fewer 'secondary operations', reducing the amount of scrap and simplifying 
the recovery process 
Design for Disassembly (DfD) gives particular significance to improving the ease of 
part separation. Mok et aL (1997) states that concepts which attempt to improve 
dismantling should include disassembly without force, disassembly by simple 
mechanisms, disassembly without tools, no repetition of same or similar materials, 
easy recognition of disassembly points, design of simple product structures, and the 
prohibition of toxic materials. Kroll and Carver (1999) highlighted four sources of 
disassembly operation complexity, which were the accessibility by hand or tool, the 
positioning precision required by the hand or tool, the force required, and the base 
time required to complete the task. The initial development of DfD techniques drew 
similarity with the Design for Assembly (DfA) techniques introduced by Boothroyd 
and Dewhurst (2002), and were based on the assumption that the sequence of 
assembly is the reverse of disassembly (Sekiguchi et aL 1983). However, Kroll and 
Carver (1999) state that although they are similar in intent, many DfA based products 
are not easy to disassemble. An example is given of a snap fit joint that requires little 
effort to close, but is nearly impossible to open due to a lack of tool clearance. 
Desai and Mital (2003) studied the non destructive disassembly of products and the 
operations involved. They identified generic methods of disassembly and put forward 
a methodology for considering design changes. This involves selecting the end-of-life 
option for each component of the product, scoring the disassembly and therefore 
prioritising design faults, and then performing a design diagnostic to provide design 
changes, such as the selection of standard fasteners or an increase in fastener head 
size. Sodhi et aL (2004) have also developed a design for disassembly and 
serviceability tool called the U-effort model, which provides a dismantling time for 
specific fastenings depending on their design characteristics. This is obtained using a 
U-effort Index (UFI) score created through 3 stages of data gathering, the definition of 
Gcasual attributes', and the validation. They were able to assess bolts, cantilever snap- 
fits, cylindrical snap-fits, nails, nuts and bolts, releasable clips, retaining rings, screws, 
staples, and velcro/zippers. 
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The use of estimated disassembly time was also the subject of a study by Kondo et al. 
(2003). They investigated several different relationships including usage period (i. e. 
degradation), join direction, and reversibility. A simple equation was conceived, 
which used the average removal time for a specific fastener and the number of 
fasteners used, to produce an estimate. They conclude that "the disassembly time of 
the product could be estimated using the proposed method unless the structural 
design of the product was too complex". 
Previous research has also studied the influence of design on other end-of-life options. 
Both Ferrao and Amaral (2006) and Lambert (1999) propose disassembly sequence 
generation for use during design, but give relevance to the cost of post fragmentation 
recovery or disposal which has previously been ignored by other Dfl) techniques. 
Lambert (1999) states that "selective disassembly that precedes a shredding process 
might reduce the amount of shredder residue, by removal of discrete parts that 
generate much shredder residue, such as the car interiors upholstery". Coulter et al. 
(1996) researched three areas of design for recovery, which include the current 
separation techniques used within the industry, current DFR guidelines, and the 
disassembly of three vehicles. Using the information gathered from these three 
investigations, four fundamental lessons were learnt, which were that the limiting 
factor is separation into pure material streams, mechanical (shredding) and manual 
separation have both their advantages and disadvantages, value must be retained in 
parts to make manual separation viable, and that different design techniques are 
required to design for manual or mechanical separation. 
Castro et aL (2004) present a simulation model that attempts to describe the 
relationship between product design and the liberation level attained by shredding. 
This is done by studying the characteristics of shredder waste, the amount of liberated 
and non liberated ferrous and non-ferrous material in post fragmentation streams for 
each size group, and the amount of physical and chemical joints. It then uses the 
subsequent model created to change certain specifications (for example, an increase in 
the amount of joints on the recovered material). The conclusion suggests several 
design guidelines, such as the reduction of joints and the replacement of chemical 
joints with physical ones. 
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End-of-life material selection. in the form of tools such as compatibility tables for 
plastic recycling (as shown in figure 4-3). is an essential process within DfF practices. 
Villalba ef a/. (2004) created a recyclability index to assess end-of-life materials for 
their recyclable value. For example. there is little difference between the value of new 
copper and recycled copper, and therefore copper was given a recyclability index of 
close to 1 (0.94). Conversely. because of' paper"s low recycled -value, it . vas given a 
recyclability index of 0.156. The method Nvas used to calculate the value of material 
within a product. and therefore assess the economic viability of removing the material 
dependent on disassembly time. 
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The development of programs and methodologies to assign end-of-life destinations 
during design has also been the subject of much research. Coppens et aL (2002) 
discuss the development by PSA Peugeot-Citroen of a wider design methodology to 
improve the end of life recovery rate by taking into account the recycling parameters 
during the design of a new vehicle. This improvement is achieved by increasing the 
Recovery Aptitude Function (RAF) of the vehicle. This DfD method is performed 
quantitively through three stages, by firstly identifying the End-of-Life destination for 
functional components, then by detecting key breaks, fixings and joints to establish 
what has to be removed to extract 'target' parts, and finally by considering the RAF 
using extraction times and recovery specifications to identify design problems. 
However the identification of specific problems and solutions, such as the use of in- 
compatible rivets in the Citeron Xsara Picasso's bumper, is unclear. 
The idea of clumping and grouping of functions is introduced by Marks et al. (1993), 
who divide a product into clumps of components that are related in terms of recycling 
(by material) or reuse (by function). This not only allows the identification of design 
problems, but the grouping of components whose reuse and recycling value is 
minimal. The process analyses the disassembly costs for each clump and all 
components outside the clumps. The clumps are then evaluated in terms of their 
potential compatibility and their residual value. This is all graphically represented 
using a software tool called LINKER, which shows components within clumps and 
their interactions in the simplest form possible. They state that "this level of 
abstraction is consistent with the type of information available in the preliminary 
design stage, when components, configurations, degree of modularity, packaging etc 
are notyetfinalised" 
Gu and Sosale (1999) also developed a modularisation methodology to improve the 
life cycle of a product. This involves three phases, which are problem definition, 
interaction analysis and module formation. The problem definition is characterised by 
either the breakdown of an existing product into its physical components, or the 
creation of a 'functional structure' for an original design. These components or 
functions are then scrutinized during interaction analysis, where their relationships are 
scored on factors dependent on the designer's modular objectives, weighted, and then 
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tabulated on a interaction matrix. The final phase of module formation uses an 
annealing algorithm to group the interacting functions into modules. 
Ishii and Lee (1996) developed a reverse fishbone diagram based on fishbone 
assembly diagrams used at Stanford University, to provide data for DfA and FMEA 
analysis as a potential alternative to the LINKER tool. The reverse fishbone diagrams 
are suggested for use during layout design and promote a structured approach to the 
advanced planning of the disassembly and sorting process. This is achieve by the 
designer 'walking through' the disassembly of their product, and at each dismantling 
stage representing what has been removed on the diagram until all components have 
been removed other than those for disposal. This allows a visual representation of the 
component disassembly dependencies within the product. Two types of fishbone are 
identified, one being sequence dependent (Long and thin) and the other sequence 
independent (Short and fat). 
Lee et al. (1997) suggest the use of a Recyclability map in combination with the 
reverse fishbone to allow DfR trade-off analysis during the design process. They set 
the goal of creating a robust design process that is less sensitive to uncontrollable 
factors, such as the absence of design data, the timing of product retirement and the 
recycling process technologies used. The Recyclability map is drawn by identifying 
the number of sort bins required for disassembly (represented by the Y-axis), and the 
scrap rate that is expected (represented by the X-axis). The location of the component, 
sub-assembly or product on the map indicates the design changes required, with a 
move down along the X-axis being a material selection issue and a move down the Y- 
axis implying easier disassembly, reduction in materials or improved recycling 
technology. To move from one region of the map to another, an incremental redesign 
(Type 1) or a major redesign (Type 2) are suggested. 
Mangun and Thurston (2002) developed equations to determine a products end-of-life 
destination, and gave particular focus to customer attitudes on recycled or refurbished 
goods. They therefore give due consideration to not only quantifiable parameters, 
such as environmental impact, but market expectation. Rose et aL (1999) also 
promote the determination of end-of-life strategy during design with the introduction 
of the End-of-Life Design Advisor (ELDA). This process was developed by assessing 
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the important characteristics of a range of products, and then connecting them to end- 
of-life options using Classification and Regression Trees (CART). These include 
reuse, service, remanufacture, recycle (separate first) and recycle (shred first). A 
decision tree then considers the technology cycle, the number of parts, the level of 
integration, the number of functions, the number of materials, and the cleanliness. 
4.6 Design Regulation 
The environmental requirements on the vehicle design process are now highly 
regulated. This is not only due to the ELV directive, but to additional legislation 
regarding emissions and the impending influence of Integrated Product Policy QPP). 
The following sections highlight several of these legislative parameters, which have 
particular influence over end-of-life vehicle design. 
4.61 The ELV Directive 
Article 4 of the ELV directive (The European Commission 2000a) details the 
preventative measures that should be taken during design, which include the reduction 
of hazardous substances in vehicles as far as possible, the promotion of design to 
facilitate the dismantling and in particular the recycling of ELVs, the endorsement of 
the integration of an increasing quantity of recycled material in vehicles, and finally 
the banning of lead, mercury, cadmium and hexavalent chromium, other than in 
specific cases, from use in new vehicles after June 2003. Articles 8 and 9 also require 
the implementation of an information infrastructure, by asking manufacturers to 
provide coding and dismantling information, and member states to report on 
implementation every three years, including information on design with a view to 
recoverability, treatment, and recovery methods. Manufacturers are also required to 
release dismantling information to the relevant parties within 6 months of the release 
of a new vehicle. 
4.62 TypeApproval 
All new vehicles must meet specified performance standards to be sold within the EU. 
Conformity to these standards is achieved through Type Approval where product 
samples go through testing, certification and production conformity assessment by an 
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independent national approval authority, which in the UK is the Vehicle Certification 
Agency (VCA). Two systems of type approval are in existence in Europe, one based 
around the EC Directive for a whole vehicle (The European Commission 1970) and 
the other around ECE (United Nations) Regulations for vehicle systems and separate 
components (VCA 2005). A new directive introduced by the EC intends to add 
reusability, recyclability and recoverability to the requirements for type approval in 
Europe, in accordance with the ELV Directive (The European Commission 2005b). 
The main points of the new directive are listed below: 
The manufacturer must make available to authorities, the detailed technical 
information necessary for calculations and checks relating to the nature of the 
materials used within the vehicles construction. 
The manufacturer must take the necessary measures to collect appropriate data 
through the supply chain, keep any other related data such as volume of fluids, 
perform calculations of the recyclability and recoverability of the vehicle in 
accordance with ISO standards, and mark components according to material 
coding standards. 
The manufacturer should recommend an end-of-life strategy that takes into 
account the proven technologies available or in development at the time of the 
application for a vehicle type-approval. They must also ensure that the system 
used to measure compliance by the manufacturers is validated. 
The manufacturers must calculate the mass of material removed at the pre- 
treatment step, dismantling step, non-metallic residue treatment step (when 
considered recyclable), and the non metallic residue treatment step (when 
considered as energy recoverable) to prove a total of 85% is either recyclable 
or re-useable, and 95% is recoverable. Tyres may be included in this list as 
recyclable. 
4.63 Integrated Product Policy (1PP) 
In recent years the European Commission has also turned its attention to 
implementing environmental policy that includes measures on the whole life cycle of 
products. This has resulted in the creation of Integrated Product Policy QPP), which 
aims to address environmental challenges by supplementing existing policy, and by 
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strengthening the co-ordination and coherence between existing and future 
instruments (The European Commission 2003). This was to be achieved in the short 
term by the implementation of two actions; to establish a framework and to focus on 
products with the greatest potential for environmental improvement. The framework 
suggests stakeholder measures including: 
e The creation of the right economic conditions by linking the cost of a product 
to its environmental impact 
9 Public procurement legislation 
9 The promotion of life cycle thinking by providing a platform to facilitate the 
communication and exchange of database information 
*A LCA best practice handbook 
e The use of product specific Environmental Management Systems (EMS) 
e Enviromnental labelling through the EU eco-label. 
To develop a focus for the IPP framework, the EU began three pilot projects using 
LCA to identify feasible options for improvement. One such project was on mobile 
phones, where energy consumption during the life-cycle, material issues, and tools for 
assessing life-cycle performance were identified (Nokia 2005). A project led by the 
Institute of Prospective Technological Studies in Seville, was also asked to identify 
products with the largest environmental impact as a first step towards detecting those 
with the greatest potential for environmental improvement (Tukker et al. 2006). 
The study used the CEDA EU25 database to establish which products had the highest 
environmental impact in eight specific areas. Private transport was identified as one of 
the three areas of greatest impact (the others being food and drink, and housing). The 
impact of this consumption ranged from 15 to 35%, and vehicles were seen to have 
the largest impact in the category, above that of air travel. Therefore vehicles may be 
the subject of IPP legislation in the future, particularly focusing on the use phase. 
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4.6 4 C02 Emission Reductions 
The EU has a '3 pillar' approach to achieving their target of reducing average C02 
emissions to 120g/km by 2010 (The European Commission 2005c), which involves: 
9A Manufacturer commitment to reduce C02 emissions through improved 
vehicle technology 
Improvement in consumer information on the fuel economy of vehicles 
Market-orientated measures to influence motorists' choice towards more fuel- 
efficient cars 
Agreement has already been reached with the European, Japanese and Korean 
automotive Industries to improve technology so new passenger vehicles on the market 
in 2008/2009 will consume on average 5.8 litres of petrol or 5.25 litres of diesel every 
100 kilometres (l40gCO2/km). A Directive relating to the availability of consumer 
information on fuel economy and C02 emissions was created in 1999, and forces the 
point of sale of all new passenger vehicles to display specific emission and efficiency 
data both in the car and on a poster, as well as including this information in vehicle 
literature (The European Commission 1999b). This was introduced into UK law in 
November 2001 via the Passenger Car (Fuel Consumption and C02 Emissions 
Information) Regulations and came into effect in July 2004 (Department for Transport 
2005). The third pillar has been the last to be implemented, with a proposal on 
passenger car related tax published in July 2005 (The European Commission 2005d). 
This advocates a link between annual circulation tax and C02 emissions by basing at 
least 25% of its cost on the vehicles emissions by 2008 and 50% by 20 10. 
4.7 The Application of Environmental Methods during Vehicle Design 
Many of the environmental design methods reviewed in this chapter have been used 
by vehicle manufacturers to pre-empt legislative requirements and satisfy a more 
environmentally conscious consumer. Zoboli et aL (2000) conducted a thorough 
investigation of end of life activities at all major vehicle manufacturers. 
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Common DfR guidance included: 
" Understand the recyclability constraints of plastic parts 
" Reduce the diversity of materials 
" Increase the use of recycled materials 
" Promote the use of natural fibres 
" Use water based paints instead of solvent based paints 
" Integrate components made of the same material and show preference for 
mono-material components 
" Attempt to phase out certain materials and avoid hazardous materials and 
substances 
" Improve procedures and tools for draining fluids and facilitate the drainage 
and removal of hazardous materials through design 
" Improve the accessibility of fasteners and the removal of parts 
" Develop indicators (for example on de-pollution, dismantling or material use) 
" Adopt a marking system and create dismantling manuals 
The following sections review individual manufacturer end-of-life initiatives based on 
the review conducted by Zeboli et aL (2000) and other literature. 
4.71 PSA 
The Peugeot 607 'exceeds' the 90% recyclability target set down by PSA by using 
only 5 material families for 90% of its mass. These include Metals, Glass, Fluids, 
Plastics, and Natural materials. It also includes a recycled content of 6% in plastic 
components, specific de-pollution marks on the fuel tank, and the electronic 
neutralisation of the pyrotechnics (airbags etc) in one operation. PSA along with Fiat, 
Enichem, DSM and Plastic Omnium. Interior Automotive Components (POIAC) have 
been involved in the Recap project which investigated ways of increasing the reuse 
and recycling of plastic components (van Hoek 2001). Results include: 
A dashboard made from a single material (usually 20 parts comprising of 5 
materials) with POIAC 
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9 The recycling of seat foam, either in petrochemicals to produce other plastic 
products or for use in other automotive parts (soundproofing mats, bumpers, 
door panels) 
The project identified two operational issues which hindered the recovery of plastics 
through the supply chain. These were the differentiation of plastics used by different 
manufacturers and models, and the additional cost of added paint used on products 
such as bumpers. These issues were solved through three initiatives, which were to 
create a database to cope with the differentiation of plastics used, to promote mono 
materials in elements such as dashboards, and finally to improve DfD techniques. The 
final initiative was based around three design rules to: 
9 Reduce the number of crosslinked rubbers and non ferrous metals 
e Reduce the number of connections and screws 
9 If not avoidable, allow for automatic disconnection or use smart connections 
such as snap-fit or connections without screws. 
PSA, Renault, and tier I suppliers also created the Valcor association which studied 
the recycling potential of BMC (Bulk Molding Compounds) and SMC (Sheet 
Molding Compounds) which are blends of unsaturated polyester resin, fibre glass and 
fillers. This has resulted in its recycling by grinding and transforming the dismantled 
parts into a sub micron powder which is used in automotive components (Zeboli et aL 
2000). 
4.7.2 BMW 
The Recycling Development Centre (RDC) was established by BMW in 1990 to 
research all aspects of vehicle recycling. This includes the full de-pollution and 
dismantling of prototype vehicles, with information fed back into the design and 
engineering departments to ensure that barriers to recovery are considered during the 
design and construction of new vehicles (Kimberley and Glover 2004). This is 
achieved through dismantling charts which contain guidelines and recommendations 
for designers. Recycling coefficients have been developed based on a suitability index 
for components and parts. This index is calculated using equation 4.1 and allows 
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components to be split into one ofthree categories depending on its suitability index 
score, hazardous material content, and potential I'or recycling. It' 'problem materials' 
are present within the component, the part is automatically placed in the lowest class 
ol'suitability. 
L Cos Isfin. licit, Inalerial and di'yosal 
Ei4.1 Suitahilify index -- ---- I rCosis oftlismanding, recycling and Iran. V)orl 
Recycling requirements and quotas are then produced and introduced at the level of 
whole car conception. They are then considered alongside other BMW design 
constraints during the concept development stage, and arc flicii implemented in the 
form of control lists and check systems during series design. Each of these phases 
along with their decision milestones andjob packages are shown in table 4.2. 
Development Target definition Concept phase Series development 
phases 
Concept development l1rqject approval 
Worksteps Planning assignment Selection ofalternatives Series development 
Decision List of targets 
Concept program Release for production 
milestones PrQject program 
Job Defining main criteria of e Determinino, environmental Continuous application of 
packages environmental compatibility on component data by checklists and 
compatibility on overall level assessments 
vehicle level 
" Conducting dismantling 'Faroet actual 
Determination of desired analysis hannonisation ofrecycling 
recycling rates rates and other input data 
" Determining dismantling 
rates 
" Classifying recycling 
requirements 
" Compiling a life-cycle 
analysis and energy balance 
Table 4.2, The integration of recycling criteria into the design process at BMW 
(Zoboli el al. 2000). 
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This has resulted in the use of aluminium. only heat insulation in the car under body 
and the application of a single material system based on polyurethane (PUR) for 
dashboards in the 5 series. Dismantling systems are also tested based on "dismantling 
modules and the measurement of dismantling time, weight of parts, and other cost 
sensitive elements " (Zeboli et al. 2000). 
4.73 Ford Motor Company (FMC) 
Ford have used DfR guidelines and part/material marking since 1993, and began a 
recycling strategy with recycling targets in 1994. Their environmental strategy is now 
an inclusive part of the Ford Product Development System (FPDS), which is shown in 
Figure 4.4. Each element within the development system represents a 'gateway' 
between design phases where defined deliverables are reviewed. As the development 
continues the architecture is broken down, in what is termed a cascade, to system, 
sub-system and then component levels. This ensures that component level design, 
which is sometimes conducted by suppliers, adheres to the specific requirements of 
the vehicle and provides consistent parts. These designs are then verified at a system 
level through extensive testing. Unger (2003) gives an example of the requirements at 
Product Readiness, where a program must have 'fiull vehicle analytical sign off, a 
confirmed and issued launch plan, CAD files reflecting verification changes, and 
several other key deliverables ". 
Product Development System Milestones 
Months to Job #1 
Fr 20 2551 
F-24 
rn. 
Strategic Product 
Vehicle Kick-off Intent Readiness 
Strategic Powertrain 
System Confirmation Complete 
Proportions & 
Sub-system Hardpoint3 
1ý1 
Programme Surface 
Component Approval r-====* Transfer 
Figure 4.4, The Ford Product Development System. 
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Even before FPDS is employed, environmental targets are set. This includes the 
requirement that all parts must comply with the Restricted Substances Management 
Standard (RSMS) (Ford 2005). This standard attempts to both restrict and phase out 
the use of specific materials by providing a table of prohibited and declared 
substances that all suppliers must refer and adhere to. The table is updated annually 
and promotes, if technically and economically possible, the reduction of materials 
such as PVC and the prohibition of Lead, Mercury, Cadmium and Hexavalent 
Chromium. Suppliers are also required to declare materials included in the Global 
Automotive Declarable Substances List (GADSL) on the International Materials Data 
System (IMDS). This system allows web based declarations of materials used within 
components by suppliers and provides the manufacturer with a detailed knowledge of 
the material content of the vehicle. 
The initial planning for WE beings after Programme Approval, and before component 
level design. Suppliers must provide evidence of ME activities, including 
consideration of material production and processing, packaging, transport and 
assembly, use, and recycling and disposal (personal communication, Peter Ford 
07/2006). Contained within the ME strategy are areas such as DfD and MR. DfR 
guidelines are focus on three key areas, which are fasteners, material selection, and 
component design (Zoboli et aL 2000). The guidelines for fasteners include the 
minimisation of bolts, nuts and screws, the use of ferrous fasteners, and the 
incorporation of compatible materials. The guidelines for material selection include 
the use of recyclable materials with preference for those having a circuit of collection, 
and the use, whenever possible, of recycled materials from ELVs under the constraint 
of functional requirements. Finally, the guidelines for component design include the 
design of plastic parts so that they are easily removable. 
DfD targets a number of parts that need to be dismantled and recycled, such as those 
involved in de-pollution (car battery, airbag etc), parts that are likely to be damaged in 
a crash (bumper etc) and parts that obstruct the removal of high value materials such 
as aluminiurn and magnesium. Many of these parts are then added to the International 
Disassembly Information System (IDIS) which is provided to recovery operators to 
aid the identification and selection of parts for removal. 
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FMC also conduct vehicle recyclablility and end-of-life costing, with the aim of 
increasing the economically recyclable share of the vehicle (personal communication, 
Peter Ford 07/2006). This insures that all suppliers must provide data to calculate end- 
of-life costs and a recycling plan to support the vehicles type approval as mentioned 
in section 4.6.2. To aid these processes FMC have an experimental dismantling centre 
in Cologne which develops de-pollution methods, assesses dismantling sequences, 
establishes teardown databases and identifies parts suitable for reuse or recycling. All 
materials, parts and components are classified into seven categories ranging from 0 
(fully recyclable) to 6 (not applicable). 
4.7.4 Volvo 
Environmental management at Volvo is based around three tools; The Environmental 
Priorities Strategy (EPS) which is an LCA tool, MOTIV which is a chemical 
database, and the Volvo chemical blacklist (Resetar 1998). The development of the 
EPS was a collaborative research project between twelve companies in Sweden. 
Because of its LCA structure, it allows product designers to understand, prioritise and 
incorporate environmental issues in the design of new vehicles. Like common LCA 
method, the process contains four steps which are defined below: 
9 Establish goals and scoping components that explicitly identify the reasons for 
perfonning the LCA. 
Inventory, or characterise, the life-cycle environmental impacts of a given 
product to include natural resources use, energy use, and air, water, and soil 
emissions during manufacture and use. 
e Assess the impact of the product's emissions and resource use on human 
health and the environment, such as biodiversity loss and air quality. 
* Evaluate improvement opportunities and options through alternative product 
design. 
EPS is implemented at a strategic level on specific systems or assemblies that have 
potential for significant environmental improvement. Volvo's involvement with ELVs 
began in the early 1990s and continued with the ECRIS (Environmental Car 
Recycling in Scandinavia) project from 1994 to 1998. This involved a dismantler 
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(Ionkopings fillemontering AB), two shredder operators (Stena Bilfrat'gcniciitcring 
AB and A13 Gothard Nilsson) along with related associations, government bodies and 
educational institutions. It 66cused on LCA, Mctliods and tools l'or dismantling, 
Material recycling, Energy recovery, Hazardous waste and Fconomic aspects. The 
LCA study Iound that there were no substantial environmental gains (approximately a 
2% gain) in increasing the recovery rate from 751YO to 85% (Zoboli ei (d. 2000). 
MOTIV provides a database of' approximatcly 4000 clicinical products used within 
Volvo vehicles to ininimise the Lise of' environmentally liazarclous substances and 
simplify chemical specifications (Resetar 1999). This database works alongside the 
Volvo chernical blacklist to ban substances that Volvo has deemed Unacceptable, and 
also grey list chemicals which they wish to phase OLIt. Volvo's DtI)/DtR gutdclines 
are based around the avoidance of hazardous substances included in the black and 
grey lists, improved access to hazardous substances included in parts and components, 
a reduction in production waste and the design of components tlor recycling based oil 
the aims listed in table 4.3. 
Areas Aims 
0 Avoidance of materials not suitable for recycling 
Material choice 
0 Minimising different materials 
0 Sortability 
0 Compatibility 
Marking 0 
Easy to read size 
0 Location easy to find 
0 Integrated snap-in elernents 
Attachment elements 0 Easy to remove 
0 Small quantities and uniform 
0 Avoidance of surface treatment 
Surface treatment 
0 Surface material compatible with bearer material 
Glue/tape/labels 0 Compatible with bearer material or easy to remove 
Use of recycled materials 0 Primarily in covered applications with low stress levels 
0 High value metals (Cu, Al, Mg) possible to remove before rD 
Metals fragmentation when different metals together, suitable for recycling 
as a high value alloy 
" Keep free of contaminating printint or attached materials Glass 
0 Attachment adapted to facilitate removal 
Table 4.3, Volvo design guidelines to facilitate recycling (Zoboli et cil. 2000). 
61 
Chapter 4 
4.8 Summary 
This chapter has provided an overview of current environmental design techniques 
already implemented within industry, as well as design methodologies outlined within 
literature. These not only provide a synopsis of environmental design measures, but 
also indicate where gaps in design knowledge are present. This chapter also described 
several methods used in both academia and industry that offer the foundation for a 
design framework to increase end-of-life knowledge and implement design change. 
The review presented a summary of life-cycle methods such as LCA and LCC. 
However, it is clear that both processes do not value the importance of end-of-life 
operations within the lifecycle. They also encounter difficulties in comparing 
unrelated environmental impacts and predicting future life-cycle costs. The overview 
of Design for Service focused specifically on improving modularity. This revealed 
that the modularity of a product can be manipulated in many ways to serve a 
particular need, such as reuse or manufacture. However, many of these requirements 
can be in conflict with one another and therefore must be considered concurrently. 
Although much research has been conducted on implementing and improving design 
for disassembly, the review of end-of-life activities in chapter 3 implied that these 
processes have a limiting impact on recovery. DfR concepts such as the compatibility 
table shown in figure 4.3, consider material recyclability which is becoming 
increasingly relevant to end-of-life design. The review also featured several design 
methods that consider post fragmentation processing and separation which are 
currently not considered during vehicle design. 
This chapter has also emphasised the increasing legislative pressure on vehicle 
manufacturers to implement environmental design. Measures such as Type Approval 
encourage manufacturers and designers to understand the end-of-life processes their 
vehicle will encounter. Although this chapter has shown that recyclability and 
disassembly are already highly researched subject areas, there is clear scope for an 
improved understanding during design of other end-of-life processing methods such 
as shredding and post fragmentation technologies and their impact on increased value 
recovery. 
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Research Methodology 
5.1 Introduction 
This chapter provides an overview of the research methodology applied within this 
thesis. It begins with a brief description of the four defined stages of the methodology 
before each stage is detailed. These stages include the initial review of literature and 
the corresponding refinement in the research hypothesis, and the development of a 
design for end-of-life value recovery framework. The chapter concludes by describing 
the final stages which involves experimentation through a number of case studies to 
provide an applicable research conclusion. 
5.2 Research Methodology 
The methodology applied within this thesis is in line with those commonly adopted 
within research projects. This methodology consists of four distinct phases, the 
literature review and the definition of the requirement through a program of industrial 
visits, the framework development and refinement, the experimentation and the 
research conclusion. These are shown in figure S. I which provides an overview of the 
methodology. 
The initial research assertion and hypothesis were formed from the author's prior 
knowledge of the subject area. This knowledge base was then augmented by an 
extensive literature review of both end-of-life recovery and the vehicle design process 
alongside a number of industrial visits to actors within the vehicle manufacturing and 
recovery supply chains. This allowed a review of the academic developments in 
recovery technology and design methods, a greater understanding of the design 
process and its requirements, and a reflection of the practical issues within the 
recovery network. The initial assertion and hypothesis were then refined based on this 
expanded knowledge base, and objectives for the development of a framework were 
defined. 
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A design framework was then developed based on the research aim and objectives to 
enable an increase in value recovery from vehicle recycling. This was achieved 
through the split of the initial framework into two distinct steps. The first allowed the 
assessment of end-of-life recovery during the design process whilst the second 
instigated a redesign method based on these findings. The assessment provided a link 
between the existing design data identified during the development of the research 
assertion and the design framework. The redesign methodology considered the 
assessment results to provide design alternatives. As the design framework developed, 
software models were designed and refined through consultation with both end-of-life 
operators and manufacturers until a final design framework was completed, and a 
software support tool for the implementation of this framework was generated. 
To successfully assess the design framework, vehicle design data and end-of-life 
processing information was collated to conduct a number of case studies. As the end- 
of-life statistics were limited, data was generated from material properties and process 
knowledge from both literature and end-of-life operators. Case studies were then 
conducted to assess a vehicles pre fragmentation recovery, in the form of a vehicle 
design assessment, and its post fragmentation recovery. These assessments indicated 
both structural and composition failures within the design and identified a specific 
assembly (i. e. a drivers seat assembly) for redesign. A disassembly study was 
therefore conducted to understand the functional requirements of a seat assembly. 
This information was then used in the final modular design improvement case study 
to establish several alternative designs. The methodology then concludes with an 
analytical assessment of the research results, which forms the basis of the concluding 
discussion. 
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Figure 5.1, The research methodology used within the thesis. 
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Chapter 6 
The Design for End-of-Life Vehicles Framework 
6.1 Introduction 
This chapter presents an overview of the impact of vehicle design on three core 
recovery processes and presents a framework by which these recovery processes can 
be considered during design. This design framework is based on the assessment of 
current design practices and recovery techniques, and attempts to distinguish areas 
where end-of-life processes can be improved through the design process. The chapter 
begins by providing a review of current recovery methods and how design has 
positively and negatively impacted upon them. The Design for End-of-Life Vehicle 
(DELV) framework is then presented along with an outline of each of the three 
models involved in this framework. 
6.2 Designs impact on vehicle recovery 
One of the major objectives of the author's research was to investigate a framework 
that utilises end-of-life processing knowledge during the vehicle design process. This 
end-of-life processing can broadly be broken down into three areas, the de-pollution 
of the vehicle, the dismantling of any valuable parts or materials, and the post 
fragmentation separation of the remaining shredded vehicle. The diagram in figure 6.1 
displays the flow of material through these three processes and shows the relative 
importance of each. In the following sections these three processes are outlined and 
discussed. The factors that affect their economic viability are defined and the impact 
of current environmental design practice is highlighted. From this discussion, a 
framework is outlined which attempts to reduce many of these end-of-life costs 
through design, and subsequently increase economically viable vehicle recovery. 
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Figure 6.1, The flow of an end-of-life vehicle by percentage of weight through the 
recovery process. 
6.2.1 De-pollution 
The de-pollution of a vehicle consists of the removal of all parts and substances 
required by legislation. This includes those stipulated by the ELV Directive (fluids, 
battery, airbag, etc) and the Landfill Directive (tyres). This research has identified 
three factors that define the economic success of the de-pollution process. These 
factors are the access to fluids and components, the tools available to remove them 
and the recovery markets available, and are shown in figure 6.2. Several of the parts 
specified for de-pollution have been subject to reuse and replacement for decades, 
such as tyres and batteries, which are designed to be functionally separate modules to 
be removed and replaced quickly and efficiently. Manufacturers have also made 
substantial improvements to the access of fluids and parts required for de-pollution. 
These enhancements have been straightforward as many of the pollutants are situated 
close to the surface of the vehicle. 
De-pollution Factors 
Access to engine 
compartment 
De-pollution tools Market for fluids, 
and equipment tyres and other 
hazardous parts 
UPI 
Figure 6.2, Factors affecting recovery during de-pollution. 
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However, the vehicles airbag is not replaced during the vehicles life and this along 
with stringent safety requirements make it difficult to access and remove. In this 
circumstance, specific de-pollution equipment has been devised to deploy the airbag. 
This research has therefore identified the parallel design of the pollutant (the airbag) 
alongside the de-pollution equipment as an improvement that would ensure that 
access and deployment is not enhanced at the detriment of safety or other factors. The 
markets for many of the fluids recovered during this process are also well established 
with much of the oil and fuel either being reprocessed, incinerated, or even used on 
site in the form of red diesel. Recycling routes are also well developed for other de- 
polluted parts, such as plastic battery casings. 
6 2.2 Dismantling 
Dismantling is the removal of additional parts for reuse or recycling, and requires an 
increase in the recovery of non metallic materials to contribute to the 2015 recovery 
target. This research has identified four factors that influence the economic viability 
of dismantling. These are access to the parts and materials within the vehicle, the 
purity of materials recovered for recycling, the ability of assemblies to be reused and 
the markets available for recovered assemblies and materials. These factors are shown 
in figure 6.3. Access to the interior of a vehicle can have health and safety 
implications, as ELVs could contain harmful objects such as needles or broken glass. 
However, end-of-life operators are required to deploy and remove airbags as part of 
the de-pollution process, and therefore accessibility to the interior will have to be 
improved by ATFs through the development of new equipment. 
Access to parts and 
assemblies 
Dismantling Factors 
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Figure 6.3, Factors affecting recovery during dismantling. 
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The manual disassembly of parts and materials for recycling has not been attempted 
by the majority of end-of-life operators. To recycle plastics for use in similar 
applications, a level of purity is required which is not economically possible with 
current vehicle design. ELV plastics require extensive cleaning and separation to 
allow for material recycling. This, combined with the logistical costs, makes manual 
separation for recycling highly uneconomic. 
The dismantling of parts for reuse has long been a part of the recovery industry, but 
has seen a terminal decline during the last decade as parts have become electronically 
integrated, making them difficult to remove and replace. This has lead to a breakdown 
in the reuse market, with only nationwide operators successfully exploiting the reuse 
of vehicle parts. Dismantling is currently addressed during the design process through 
the use of DfD techniques. However, they do not reduce disassembly times by the 
margins required to make manual dismantling economically viable. Attempts have 
been made to simplify the material content of vehicles by producing mono-material 
assemblies that can be recycled without additional manual separation. However, these 
efforts have been restricted by other design requirements, and will remain futile whilst 
recycling markets in post consumer plastics are undeveloped. 
Therefore, dismantling can only be increased through a combination of reduced 
dismantling costs, improved reuse markets, and increased recycling potential. This 
research has identified a number of methods to achieve each of these factors. To 
reduce dismantling costs the vehicle architecture, as well as the disassembly of 
components, must be considered within end-of-life design processes. To improve 
reuse markets, the vehicle must become less integrated and more modular. This will 
not only encourage the reuse of parts at end-of-life, but also extend the vehicles life 
through owner personalisation and functional improvement. Markets can then develop 
for the reuse of these parts and the recycling of their constituent materials, in a similar 
way to that of tyres and batteries. To increase recycling potential, part and material 
complexity must be simplified to reduce dismantling time and ensure recycled 
material purity. However, this is highly dependant on an improvement in plastic 
material markets which cannot be generated by vehicle manufacturers alone. 
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6.2.3 Post Fragmentation Separalion 
Post fragmentation separation is the automated division of shredded material and, like 
dismantling, requires an increase in non-metallic material recovery to support the 
achievement of the 2015 target. Although many separation technologies are well 
established, they are primarily focused on the separation of metallic materials. These 
processes not only provide the most efficient recovery method by recovering over 
three quarters of the shredded material, but also supply the highest revenues through 
the recycling of ferrous and non-ferrous metals. 
This research has identified two factors that affect post fragmentation separation and 
these are shown in figure 6.4. The separation of ferrous and non ferrous metals by 
their properties has been highly successful and lucrative for the recovery industry for 
over half a century. However, many of the fractions that are destined for landfill 
consist of non-metallic materials such as plastics, rubbers, textiles, wood and glass. 
Attempts have been made to separate polymer types, but they have yet to be 
commercially realised and doubts remain over the required cleanliness of the plastic. 
Therefore, the properties of these materials are an important factor in their post 
fragmentation separation. The value of many post fragmentation material streams is 
dependent on material purity and contamination. Examples of this include the 
contamination of scrap steel with copper, and ASR with PVC. The attention given to 
current post fragmentation processing during a vehicles design has been limited. 
Material restrictions are the only environmental specification that intentionally impact 
on a recovery method that currently processes over 88% of an average vehicles 
weight. 
Post Fragmentation Separation Factors 
Material properties 
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Contamination of 
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Figure 6.4, Factors affecting recovery during post fragmentation separation. 
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Recovery through post fragmentation separation can therefore be improved through a 
reduction in material stream contaminates. This research has characterised three ways 
in which this can be achieved. Post fragmentation material streams can be indirectly 
purified through rigorous material reduction during design. They can also be directly 
improved during disassembly by the physical removal of contaminating materials or 
through new post fragmentation separation technologies. Both material reduction and 
disassembly are factors that can be improved through design and require knowlcdge 
of post fragmentation processing to identify materials that contaminate fractions. 
6.3 The Design for End-of-Life Vehicles Framework 
The Design for End-of-Life Vehicles (DELV) framework investigated by this 
research consists of three models that are designed to understand and rectify the 
problems presented by the end-of-life recovery processes (i. e. de-pollution, 
disassembly and post fragmentation separation). These three models are illustrated 
within the DELV framework in figure 6.5, and listed below: 
The Vehicle Design Assessment (VDA) model 
The Post Fragmentation Material Analysis (PFMA) model 
iii. The Modular Design Improvement (MDI) model 
A fundamental research contribution of the DELV framework is the consideration of a 
novel approach to increased end-of-life vehicle value through the application of a 
"Design for Shredding" approach. In this approach the major objective is to identify 
resulting material streams from post fragmentation separation. Contaminating 
materials can then be identified within these streams and targeted for removal either 
through design change or pre fragmentation disassembly. This understanding of post 
fragmentation separation processing is achieved through the Post Fragmentation 
Material Analysis model. This model uses material data to simulate the separation of 
the shredded vehicle, and identifies 'problem materials' in the resulting material 
streams. These problem materials are defined by this research as contaminants within 
material streams that prevent their recovery. Each of the models shown in figure 6.5 
are outlined in the following sections. 
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Figure 6.5, The Design for End-of-Life Vehicle (DELV) framework. 
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63.1 Identifying Structural Inefficiency using the Vehicle Design Assessment Model 
The first model in the DELV framework is the Vehicle Design Assessment. This 
process takes vehicle data and assesses its structure and composition. This is achieved 
through two assessments; the Material Composition Assessment and the Disassembly 
Assessment. The Material Composition Assessment provides a breakdown of the 
material content of the vehicle in accordance with the Design for Shredding approach, 
which requires the definition of vehicle materials. The Disassembly Assessment 
studies the structural inefficiency of vehicle assemblies in terms of material use, part 
use and disassembly time. These design characteristics have been identified by this 
research as the most influential factors that affect disassembly, and therefore the 
Vehicle Design Assessment model highlights both good and bad examples throughout 
the vehicle. This model is covered in more detail in chapter 7, The Vehicle Design 
Assessment Model. 
63.2 Problem Material Identification using the Post Fragmentation Material 
Analysis Model 
The Post Fragmentation Material Analysis model is central to the Design for 
Shredding approach. This stage provides a simulation of post fragmentation 
processing, allowing the analysis of any material stream through any number of 
processes. This permits designers and engineers to see the impact of vehicle and 
assembly design on their post fragmentation separation. An estimation of material 
stream value can also be considered, providing an overview of the potential financial 
benefits. Once an understanding has been built of the waste created by the post 
fragmentation separation of the vehicle, that waste can be reduced through material 
restrictions on the vehicles design or design improvement using the Modular Design 
Assessment model. The development of the Post Fragmentation Material Analysis 
model is detailed in chapter 8. 
63.3 Macro Level Redesign using the Modular Design Improvement Model 
The Modular Design Improvement model allows a modular architecture to be 
generated based on the results of the Vehicle Design Assessment model and the Post 
Fragmentation Material Analysis model. The intention of this process is not to 
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redesign at a micro level by defining attachment methods (as applied by Dfl) 
techniques), but to influence the layout of parts, materials and functions into modules 
so that they can that can be removed for either functional replacement in the case of 
reuse or material similarity in the case of recycling. The creation of this re- 
configuration process is described in chapter 9, The Modular Design Improvement. 
6.4 Implementation of the DELV framework 
The three models in the DELV framework have been adopted to correspond with the 
design development process of a vehicle that was introduced in chapter 4 (see figure 
4.4), and together provide a framework in which end-of-life analysis and design can 
be implemented earlier in the design processes, as shown in figure 6.6. It should be 
noted that the framework compliments the existing methods within the design 
process, such as DfD and DfR, and does not replace them. 
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Figure 6.6, The DELV framework within the product design process. 
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The framework aims to improve vehicle recovery both environmentally and 
economically during design through these three models. The environmental 
improvement is based on the waste hierarchy originally conceived by the European 
Commission, (The European Commission 1975) and depicted in figure 6.7. This 
hierarchy defines the importance of each recovery option or disposal method, with the 
most environmentally beneficial option at the top, and therefore prioritizes 
improvement. 
Current end-of-life design practices, such as DfD, concentrate on post architectural 
changes during and after component level design. Because of the problems of access 
and disassembly highlighted in chapter 3, the vehicles architecture has been 
established by this research as a significant barrier to the disassembly of parts for 
reuse or recycling, and therefore to the success of DfD techniques. The DELV 
framework must therefore be implemented before that architecture is set. However, an 
understanding of these architectural barriers is not possible without knowledge of the 
vehicles physical structure. Therefore the framework employs preceding vehicle 
designs within the initial Vehicle Design Assessment model to establish failures in 
previous vehicles and recommendations for the focus of future environmental vehicle 
design. 
Hazardous Landfill 
Figure 6.7, The Waste Hierarchy. 
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Material restrictions are set between Strategic Intent and Programme Approval and 
are then implemented during component level design. Therefore any additional 
material restrictions must be determined before these stages. The DELV framework 
uses previous vehicle material composition data within the Post Fragmentation 
Material Analysis model to establish potential material restrictions that may be 
required. Both the Vehicle Design Assessment model and the Post Fragmentation 
Material Analysis model are therefore conducted between the start of one vehicles 
production and the early design stages of the next (i. e. before Strategic Intent). These 
models provide both a micro level assessment of the manual separation of the vehicle 
and a macro level analysis of the whole vehicles material content. Any redesign of the 
vehicle is therefore based on the findings of these evaluations, and must be conducted 
between the Strategic Intent and Program Approval stages to suitably impact on the 
vehicles architecture. Therefore the DELV framework uses the Modular Design 
Improvement model to provide a macro level redesign methodology. 
The DELV framework can be employed in two ways, which give focus to either pre 
fragmentation disassembly or post fragmentation separation. Design for Modular 
Disassembly provides a direct link between the Vehicle Design Assessment model 
and the Modular Design Improvement model, allowing identified assemblies to be 
redesigned and their disassembly enhanced. Design for Shredding utilises all three 
models to identify contaminating post fragmentation materials and remove them 
through material restrictions or redesign. 
This chapter has outlined the stages of the DELV framework, and defined its position 
within the vehicle design process and its relationship with existing end-of-life 
strategies. In order to support the application of this framework within the design 
process, this research has generated a design support system to aid designers and 
engineers in applying each of the stages within the framework. The design and 
implementation of this system for the three stages (or models) of the DELV 
framework is described in chapters 7,8 and 9. 
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Chapter 7 
The Vehicle Design Assessment Model 
7.1 Introduction 
This chapter presents the utilisation of existing vehicle data in a Vehicle Design 
Assessment model that attempts to identify structural inefficiency and vehicle 
material content. This model is composed of a material composition assessment of the 
vehicle and a disassembly assessment of the vehicles assemblies. The chapter begins 
by providing a review of existing end-of-life data available at the design stage. The 
Vehicle Design Assessment model is then presented, which utilises this data in a 
number of processes that are detailed. 
7.2 Existing End-of-Life Data 
To assess and improve a vehicles recovery through design, knowledge of its 
disassembly and material characteristics must be attained through the manipulation of 
related design and end-of-life data. This can be achieved through the collection of 
targeted data by the manufacturer that relates to end-of-life issues (such as 
disassembly times), or through the combination of normal design data with recovery 
information to create new end-of-life metrics. It is therefore essential to establish 
where this data exists and how it can be utilised. Two examples of such data are 
currently present within vehicle design, and they are outlined below. 
7.21 The International Material Data System 
The International Material Data System (IMDS), introduced in chapter 4, uses an 
internet database to gather material data from suppliers in order to prove compliance 
with legislative or manufacturer material restrictions. Although this data is not end-of- 
life specific, it is highly relevant to end-of-life operations, such as post fragmentation 
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separation. The separation of' materials during post fi-agnicntation processing, is bascd 
on the proputics of the vehicics materials and the et'llicicilcy of the proccsscs. 
'I'llerel'Ore combining the material data providcd by IMDS Nvith post fragmentation 
process data could provide an Indication of' material streallis III 1111C %\ Ith the Design 
for Shredding approach outlined in cliaptcr 6.1 Inl'ortunatcly, duc to the highly 
sensitive nature of' the inf'ormation held within the IVIDS, most of' its colitclit \ý. Is 
inaccessible to this research. 
7.2.2 Vehicle Ham. 41clurer Teardown 
Most manufacturers conduct dismantling teardowns on flicir prototypcs with the 
specific aim of' producing data to iniprovc tile cnd-ollhic characteristics of' I'Liturc 
vehicles. F. xamples Include Ford and BMW. as dcscnbcd in chapter 4. A tcardown 
consists of the systematic rccording ofthc disassembly of, 111 1-cillov. 1111c P. 11-ts 1'1*0111 tile 
vehicle. As cach part is rcmoved, a number ofits attributcs arc rccorded. This includes 
its serial number, recyclability, name, location, material content, weight, dismantling 
time, level and its attachment method. Several of these attributes are shown in table 
7.1 
Serial No. Quantity Part Name Material Weight (g) Time (s) Level 
1 Cover Seat Track Fixing A13S 47 
2 Cover Seat Track Fixing A13S 47 13 0 
3 Driver Seat Assy ASSY 69 1 
4 Head Rest Assy ASSY 5 0- 
5 Cover Head Rest Assy ASSY 47 1 
6 Clamp Plate Cover Head Rest pp 12 74 2 
7 Cover Head Rest PET/PUR 11 46 3 
8 Cover Head Rest LEATHER 43 72 4 
9 Eover Head Rest PET/PVC 67 1 5 
10 Foil Pad I lead Rest PE 5 12 2 
11 Pad [lead Rest PUR 301 3 13 
12 Core [lead Rest ABS 303 17 4 
_13 
Frame Head Rest MET 273 1 5 
Table 7.1, An example of the information within a l, 'cliiclc tearclown data spreadsheet. 
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The vehicle teardown spreadsheet provides data that can be manipulated for both an 
assessment of disassembly and material content. Although establishing a total part 
specific removal time (e. g. the time to both access a part and then remove it) is 
problematic based on this data, metrics can be devised through the use of the 
disassembly time, weight, and materials to show the dismantling efficiency of 
assemblies. The spreadsheet also provides material data that could be collated to 
reflect the material composition of the vehicle, therefore supplying the information 
that could not be obtained from the IMDS. 
7.3 The Vehicle Design Assessment Model 
The Vehicle Design Assessment model (VDA) created in this research, attempts to 
use the existing end-of-life data available to the manufacturers before the design 
process begins, to establish where disassembly problems exists within the vehicle 
through part, material and disassembly inefficiency. By measuring these 
inefficiencies, the model can determine which assemblies within the vehicle can 
successfully implement the top four levels of the waste hierarchy, as shown in figure 
7.1, either by simplifying material and part use or encouraging reuse and recycling 
through disassembly. The VDA model is based around two assessments, a 
disassembly assessment and a material composition assessment, as illustrated in figure 
7.2. 
Figure 7.1, The top four levels of the reuse hierarchy. 
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Figure 7.2, The Vehicle Design Assessment model. 
The disassembly assessment uses inefficiency metrics identified by this research to 
indicate the complexity of each vehicle assembly. As assembly complexity grows, the 
recovery of its constituent parts for reuse or recycling during disassembly becomes 
more difficult. For example, if a light weight assembly contains a large number of 
parts or materials this indicates that the cost of manually separating these parts or 
materials will not be offset by the recycling value of the weight recovered. This 
provides an indirect method of measuring disassembly efficiency. The disassembly 
times within the vehicle teardown also provide a direct indication of disassembly 
efficiency, and therefore highlight architectural problems that may exist. By 
identifying which assemblies within the vehicle are the most inefficient in terms of 
these metrics, the VDA model identifies which assemblies require attention. 
The model also extracts material information from the vehicle teardown through the 
material composition assessment, which is then used by the other models within the 
DELV framework in line with the Design for Shredding approach. These assessments 
are described in the following two sections. 
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Z 3.1 The Disassembly Assessment 
The disassembly assessment uses the data provided by the vehicles teardown to 
analyse its dismantling characteristics at a micro level. The recovery of parts and 
materials through dismantling is dependent on architecture complexity and 
accessibility, which require the analysis of low level parts and assemblies. This is 
provided by the disassembly assessment which examines the efficiency of an 
assemblies material use, part use and disassembly time. This begins with the 
definition of assembly selection criteria, such as minimum weight. If the minimum 
weight is set high this means many of the small low value assemblies that contain 
large varieties of parts and materials will be ignored. This allows focus to be drawn 
towards larger assemblies that currently cannot be dismantled because of their 
complexity. The comparison of assemblies is based on four measurement ratios which 
have been developed by this research and are listed below: 
A Time Ratio (rd which is based on the disassembly time and the weight of 
the assembly. 
A Material Ratio (r4 which is based on the number of materials and the 
weight of the assembly. 
A Part Ratio (rp) which is based on the number of parts and the weight of the 
assembly. 
A Combined Ratio (rd which combines all three ratios. 
Therefore, the disassembly assessment of the teardown divides the vehicle into its 
constituent assemblies and assesses those above the minimum weight based on these 
ratios. This provides a rating of assemblies from best to worst and, along with a more 
detailed study of the assemblies in question, allows a considered judgment to be made 
on the assemblies ability to be redesigned. This detailed study includes an assessment 
of both the material and structural content of the assembly, part disassembly order, 
and dismantling rate. This allows the user to analyse the assembly in question and, by 
using their own expertise on other relevant factors such as safety or function, decide 
whether they are appropriate for redesign using the Modular Design Improvement 
model detailed in chapter 9, or for further material assessment using the Post 
Fragmentation Material Analysis model featured in chapter 8. 
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73.2 The Material Composition Assessment 
The material composition assessment uses the material content information that is 
contained within the vehicle teardown to provide a full breakdown of the composition 
of the vehicle. Post fragmentation processing is based on material properties and does 
not distinguish between systems, assemblies or parts. Therefore, the material 
composition assessment collates the vehicle material content at the relevant macro 
level required for post fragmentation recovery. This begins with the definition of 
material selection criteria, such as minimum weight and material grouping. If no 
weight restrictions are added, materials with a combined weight of less than I gram 
can be included in the vehicles material content. These materials have no impact on 
post fragmentation recovery and therefore can be ignored through the addition of a 
minimum weight. The grouping of materials by type can either combine materials 
without consideration of filler and coatings, or provide more detail of the material 
derivatives involved. The combined weights and percentages of these material groups 
within the vehicle can then be calculated and visually represented. 
7.4 The Implementation of the VDA Model 
The VDA model outlined in section 7.3 requires a significant amount of data 
processing and decision making and therefore this research has designed and 
implemented a software tool to support the implementation of the VDA model. This 
has been realised through the use of Microsoft Excel and Visual Basic programming 
language. Vehicle teardowns available to this research are in the form of Excel 
spreadsheets and therefore Excel was used to avoid compatibility issues. The array of 
visual aids such as pie charts, and bar charts were also beneficial to the presentation of 
both the material composition and disassembly assessments. The following sections 
describe how each activity within the model was implemented within Excel. 
74.1 Assessment of Vehicle Teardown Disassembly and Material Attributes 
This activity assesses the vehicle teardown based on selection criteria set by the user 
for both the disassembly assessment and the material composition assessment, 
including weight restrictions and measurement procedures. The user interface, which 
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is shown in figure 7.3, is therefore split into three parts, the teardown database 
selection, the setting of disassembly assessment selection criteria, and the setting of 
material composition assessment selection criteria. The teardown database selection 
confirms the location of the teardown file, which can then be referenced by later 
procedures within the program. Instructions on the layout of a teardown database are 
available if one does not exist or requires alteration. 
The disassembly assessment requires the selection of one of the four measurements 
stated in section 7.3.1. A maximum and minimum weight can also be added to restrict 
the assemblies considered. Once completed, the user can then conduct the 
disassembly assessment on the teardown database specified. The material composition 
assessment requires the user to select a method of assessment, which can either group 
materials of the same type together or include the material content in full with all 
fillers and coatings. A minimum weight restriction can also be added to reduce the 
number of insignificant materials included in the assessment results. The material 
composition assessment can be conducted once these two factors have been specified. 
Vehicle Design Assessment (VDA) 
P, vt 1. Teaw down Sel"tion 
The Design Assessment requires the analysis of ate a rdown speadsh eel Press the "Re(lilked 
Layotg" button to see how the spreadsheet should be orgamsed. The iocati on ofthe 
spreadsheet must also be entered by pressing the "Teaidownli-oca"I* button 
Required Layout 
I 
Leardown Location] 
Loc4lon: 
FF -%T.. d- 
DELV 
Pall 2. Disassembly ASS46911Mt 
Please select your method of assessment from the choices below. 
-P art Ratio - Rates the tearoowis asserribbes interm s otflýftr Part ý (grams per part) 
Tim a Ratio - Rates the tearclowis assemblies in terms ofthair removal time (cirams per second) 
Material Ratio - Rates the tmrd~s assemblies in terms oftheir m aterial use (Qrams ver m atertal) 
C ombined Ratio - Ratesthe teardov%n by com binina al three Premoý ratios 
Please define the maximum and minimum weight of assembly that you wish to consider by 
pressing the "Assellibly Weight" button. 
CimmhKI SMictinal lAssemblyWeiaht 
Onluji Weqpill jqj: MdXNiwvnWei(jlv1jgj: Fý 
I 
ASs&%W_d 
I 
To coikkwt theassessmelit Pless tile -C4)ixk#ct Stluctimal Assesmima- Imatoit 
Pan 3. Wom ial Composition ASSOSS111610 
Please select your method of assessment from the choices below 
Full Assessment MxWnci materials WthIllers or coatinas etc) 
I Simple Assessmert(qroupinci similarmaterials) 
nease define the minimum weight of material type that you wish to consider by pressing the "t"etialWeigW" button 
Mýaterlal 
ýWeight 
Woman welqo* 491: COIMNKI Composition 
Assessnix4v 
To condiixt tile assesslims peas Hie -Comlluct Coihiposililion Assessoineir bunoll 
Figure 7.3, A screenshot of the assessment definition user interface. 
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The VDA model then uses the selection criteria established by the user to identify and 
the relevant data within the vehicle teardown for both the disassembly assessment and 
the material composition assessment. The disassembly assessment selects assemblies 
that weigh more than the minimum weight, and uses their dismantling time, number 
of materials, number of parts, and weight to calculate the end-of-life ratios created by 
this research and described in section 7.3.1. The Time Ratio (r') is calculated using 
equation 7.1. 
w 
r1 
t 
Where 
w= Assembly weight 
Assembly dismantling time 
Equation 7.1 
Material Ratios (r,, ) and Part Ratios (rp) can also be calculated for each assembly 
based on the same method, as shown in equations 7.2 and 7.3. 
w 
r =- 
mm Equation 7.2 
rp ý-- 
w Equation 7.3 
p 
Where 
w Assembly weight 
m Number of materials within the assembly 
p Number of parts within the assembly 
A Combined Ratio (r, ) can also be used and combines the results from equations 7.1, 
7.2 and 7.3 in equation 7.4. 
rc = 
(--ýt- 
+(rm)+" 
))/3 
Equation 7.4 
rhigh-t /100 rhigh-m 
/100 rhigh-p /100 
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Where 
r, Time ratio 
r,, Material ratio 
rp Part ratio 
rhigh-, = Highest time ratio within the vehicle 
rhigh-,,, Highest material ratio within the vehicle 
rhigh-p Highest part ratio within the vehicle 
These ratios allow the VDA model to highlight assemblies within the vehicle that are 
inefficient in either removal time, material use, part use, or a combination of all three. 
They therefore prioritise which assemblies require the most attention from the 
designer or engineer. However, this is highly dependant on the minimum material 
weight set. If this minimum is low, the model will highlight light assemblies with 
many parts or material that will still provide no recovery value if redesigned. 
Therefore it is essential that a large minimum weight is set to successfully prioritise 
the large assemblies within the vehicle. 
The material composition assessment groups material types together based on the 
method and minimum weight set. Unfortunately, parts are not always broken down 
into invidual materials during vehicle teardowns, and their exact material composition 
by weight is not recorded. Therefore, the material composition assessment divides the 
weight of parts that contain multiple materials by the number of materials within 
them. For example, a part weighing 100 grams with a material content of CU/PVC, 
would be defined by the material composition assessment as containing 50 grams of 
Copper and 50 grams of PVC. In the case of assemblies such as windscreens, where 
glass and rubber are not evenly split, this reduces the accuracy of the process. 
Although this data is therefore limited in comparison with other sources such as 
IMDS, it was the most appropriate and efficient way of splitting materials. 
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7.4.2 Selection ofAssembly and Material Data. for Further Analysis 
This activity presents the data collated by disassembly assessment which includes 
assembly weight, dismantling time, number of parts and number of materials, as 
depicted in figure 7.4, to provide additional perspectives on assembly inefficiency. 
The user can then select a specific assembly to study in greater detail. 
The selection of an assembly for redesign is not only based on the results of the 
teardown assessment, but also on the assemblies ability to be improved which can 
only be decided by the designer or engineer. Therefore as much information as 
possible about the structure of the assembly is presented to the user during this 
activity, as shown in figure 7.5 which displays the architecture of the assembly by the 
level of the assemblies parts within the vehicle. In this figure each part within the 
assembly is listed in the order of disassembly. Their material content, weight and 
dismantling rate are also shown alongside the part names. Each part disassembly time 
is shown in a blue box which is positioned to denote the parts position within the 
vehicle structure. This therefore shows which parts are dependant on each other for 
access, and therefore indicates the architecture of the assembly. 
Disassembly Assessment 13w* 
Below is a list of I he vatic I as assemblies, based Dn the specifications given in I In a previous section. Ple as a highlight a assembly from 
LV 
the list and press View Asisonihly'to study the a-mbly in further det2l 
A-bly N, - V01,411 (9) T, n, ie Ptý Mill. T-R*iu Rýftl 
f Will TO-h-d R; *j. 
--j 
PASSENGER SEAT ASSY 12476 3961 07 26 114 1414 419 04 232 
DRIVFR rFATASSY 12942 076 Aq 27 317 145 41 47Q 11 2.14 
HEATER HLOWER AND AJC UNIT ASSY 9454 41 1343 24 229 219 Ot; 311 3 91 230 
LIUMPEH FRONT ASSY 7949 Ole 44 26 9, F11 BO. 65 311 95 2,83 
0D PLAYER NAYIOATION SYSTEM ASSY 4366 418 22 13 10.44 198.45 33594 3.04 
REAR SEAT BACK REST ASSY 6005 1506 24 9 4.03 25354 57611 3.49 
HFATFRWC ARRY 5542 322 27 18 17 21 20525 3117 88 3 77 
INSTRIJMFNT PANIFLAFSY 39663 6121 185 48 647 21439 82631 396 
-1 
STEERING COLUMN ASSY 5935 559 25 10 12.4 277.39 593.5 4.6 
BUMPER REAR ASSY 6431 280 19 16 22,32 330.47 401.93 516 
W' RING; t OOM INTERIOR ASSY 11750 7240 21 11 1 Aq 85476 112511 676 
Fl)FLTANKA. qqY 1401116 543 29 16 25 79 48296 R75 37 761 
AIR HAO PASSE N0FR SIDE ASSY 4969 3915 74 12 fi? 7(19 85 124725 82) 
SLIDING ROOF ASSY 6104 232 78 26.31 B72 753 9.22 
RADIATOR ASSY 14690 59,11 19 13 24.85 7171115,1130 913 
LINKAOF SCREFN WIPER A39Y 4 44 1 26 4 11; 16ý 1 102 -; 
8882 q 74 
HOUSING LOUDSPEAKER REAR PACKAGE TRAYASSY 745U 155 11 9 41112 578.18 932.5 11 2t 
V, "Assembly 
I 
Figure 7.4, A screenshot of the disassembly assessment data presentation. 
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Assembly Structure Back 
Below is a list of each componerd part of the assembly in the order in which they are Iii ' Rem" Chart 
separated. Press T"es ial Reirneval Chan'to see the material content of the assembly 
DELV 
or press Veassenibly Rate Go Aph'to see the rde of which the assembly is chs"WtIed. 
It you wish to cordinue with this assembly to Stage 2 (Materials Analysis) press 'Select 
ftasenblylitalleGivii 
AssenW. 
Select Asserribly 
P-t N- 1114M., ii. 11 Wý.. R.. 01 .14 
STEERINGCOLUMNASSY ASSY 00 40 
MOTOR EXTENDABLE STEERING COLUMN ASSY ASSY 00 
LID MOTOR EXTENDABLE STEERING COLUMN POT-GF30M&T 10 0.104"7 
GEAR MOTOR EXTENDABLE STEERING COLUMN POM 8 0.185567 
HOUSING GEAR EXTENDABLE STEERING COLUMN PST-GF30MAET 41 0.5363637 
SPACER MOTOR EXTENDABLE STEERING COLUMN CUWPA 13 05496183 
ARMATURE MOTOR EXTENDABLE STEERING COLUMN CUffAET 142 I. 56M36 
HOUSING MOTOR EXTENOABLE STEERING COLUMN NET 237 3,268% 
MOTOR TILTING STEEPING COLUMN ASSY ASSY 0 3.0066687 It 
LID MOTOR TILTING STEERW COLUMN PBT-GF30ffAET 10 2.82822M 
GEAR MOTOR TILTM STEERING COLUMN POM 8 zs59756 
HOUSING GEAR TILTING STEERING COLUMN PBT-GF30ffl601ET 40 2.8920455 
SPACER MOTOR TILTING STEERING COLUMN CUIPA 13 2.6632652 so 
ARMATURE MOTOR TILTING STEERING COLUMN CU1WT 143 3.2920792 
HOUSINIGIVIOTOR 11-TINGSTEERIN03COLLIMN MET 238 4448276 
PLUG MOTOR STEERING COLUMN CUIPA121PC-PBTIPVC 14 4.3254719 0 
WIRE MOTOR STEERING COLUMN CUIPVC 7 4.338M 
STEEPING LOCK AUPBT-GF3DMET 513 6,4151786 
FIXING PLATE LID STEERING COLUMN MET 379 61559324 
LID STEERING COLUMN AL 276 5 59382" 
SPACER STEERING COLUMN MET 893 &8402777 
HOUSING STEERING COLUMN AL t208 9.61,131111W 
POTENTIOMETER ADJUSTM STEERIlIG COLUMN ASSY ASSY 0 9.2717152 16 
LID POTENTIOMETER ADJUSTM. STEERING COLUIMN PA 20 8.938MI 
PCB POTENTIOMETER ADJUSTM. STEERING COLUMN ELN 9 8.9002123 
HOLMING POTENTIOMETER ADJUSTM. STONNG COLU. PA 27 81305M 
I-IOUSING STEERING SPINDLE AL 702 9.7061148 
FLANGE STEERING SPINDLE AL)MET 418 9,5681 
STEERINIG SPINDLE MET 1696 t2.4OM2 
Figure 7.5, A screenshot of the assembly structure. 
A material removal chart and a disassembly rate graph are also provided to show how 
the material content and the removal time are affected as the disassembly takes place. 
The material removal chart, as shown in figure 7.6, highlights the material content of 
the remaining assembly as each part is removed in terms of material type 
(thermoplastic, ferrous metal, etc) as a bar chart. This indicates whether an assembly 
can be recycled without the disassembly of all of its parts. A pie chart is also provided 
to show the original material breakdown of the assembly by material type. The 
example shown in figure 7.6 is based on a steering column which is highly metallic. 
The disassembly rate graph shows the rate of removal (grams per second) at every 
stage in the disassembly process. Peaks therefore indicate an increase in the rate of 
removal whilst troughs indicate a slowing of that rate, allowing the identification of 
disassembly bottle necks and architectural problems. Based on the user's assessment, 
an assembly can then be selected to enter either the Post Fragmentation Materials 
Analysis model detailed in chapter 8 or the Modular Design Improvement model 
described in chapter 9. 
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Material Renwval Chart sash 
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au Týý 
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J6 8ýIj if " 66 Of 
Figure 7.6, The material removal chart for a steering column. 
The material composition assessment is also presented as a list displaying material 
types by weight and percentage. This is complimented by a pie chart of the vehicles 
constituent materials. The user can then select these materials for use in the Post 
Fragmentation Material Analysis model which is covered in chapter 8 of this thesis. 
Figure 7.7 shows a screenshot of the material composition assessment data. 
Composrdon Assessment 
Bdý i5 0 1ýt of file ýOhk*s -`"'PQS6"n by ýVOW. b"ýUd mlile specificatý'giYffl 01 the vrovkm 
section A pwcartage of the Ictal waKlit is WW proYided, as well as, a pie chEt. it ym wish to confin. th the. DEW 
malwiulý tu stý 2 (Malorkii Aj milvm) i-'Select 11"a iAs*. 
MET 3C 1 5.47 32 42 
AL 1 70149.17 18.28 
RUHRFR 987"1 "1 511 
PP 5006797 8.02 
PUR 41803,01 4.6 
PA 33430.82 3.59 
ELC 25M. 5 2.78 
PVC 2eQWS 2.08 
GLA 27Wý3 b, 247 
cu 199W IS 2.15 
PE 13833.5 149 
UP 1141B !51 7'. 'ý 
LEAD "Im 13 
PET 1012117 1.09 
ELN ý807 73 0.02 a ABS III MET aAL a FKJOBER EPP 0 PLn EPA 
PC 5-573.73 0.0 
TFXT 4829 117 n 1.52 * ELC a PVC 0 GLASS OCU nPE @UP III LEAE) 
* PET . ELN EPC u TEXT 0 PLASTIC u EPOM UPOM 
* TPUR a pEll OWL) III CLPJkPAK3§ CO IIIFELI OFS 
* CEL 0 VAL 11ILFATI-IEFEICRIDS IIIASA M EPP III 
*C III TEO IIINC wPMPAA wPF III TEEE OPPE 
S. I-tM. t. -b 
IIIPPA III PEE BEIRASS OSGR wPN III SA IIIMG 
III Fl`ý E NAQ a NEIR III SAN IIICSMI 
Figure 7.7, A screenshot of the material composition assessment data. 
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7.5 Summary 
This chapter has provided an overview of the activities within the Vehicle Design 
Assessment model. These activities apply existing vehicle design information such as 
vehicle teardown data to create end-of-life metrics and therefore provide focus for 
future end-of-life design effort. The identification of assemblies considers not only 
disassembly time, but material and part use. This permits complexity as well as 
accessibility to be assessed by the user, allowing focus to be drawn to assemblies that 
can be removed quickly but require additional separation and disassembly to extract 
value. Assemblies identified by the process can then be passed to the Modular Design 
Improvement model described in chapter 9, which can group parts within the 
assembly based on their end-of-life characteristics and recognise potential design 
enhancements. The analysis of material content by the Vehicle Design Assessment 
model is also essential in the identification of contaminants after shredding and 
therefore this information is passed on to the Post Fragmentation Material Analysis 
model described in the following chapter. 
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Chapter 8 
Post Fragmentation Material Analysis 
8.1 Introduction 
This chapter presents the research undertaken in designing, specifying and 
prototyping a Post Fragmentation Material Analysis model to be used to facilitated 
material restrictions during the vehicle design process. This model can provide 
vehicle manufacturers with a knowledge of post fragmentation separation processes, 
which are currently neglected by established environmental design methodologies. 
The chapter begins by providing a background to post fragmentation recovery 
methods, before describing a model to provide post fragmentation material analysis. 
The activities within this model are then detailed, and the software module developed 
to support this stage of the DELV framework is presented. 
8.2 Post Fragmentation Recovery 
Post fragmentation separation methods currently deal with over 88% of a vehicles 
weight and are expected to play a major part in achieving the 2015 recovery target of 
95%. However, there is very little knowledge of the impact of vehicle design and 
material selection on these processes, as they are generally not considered during the 
design process. Several of these technologies have been detailed in chapter 3 
including air classification, size classification, magnetic separation, eddy current 
separation and dense media separation. Each process splits the input materials into 
two outputs, termed 'material fractions'. These processes are commonly ordered to 
produce several metallic fractions that have various recovery values. The value of 
these fractions and their options for recovery are dependant on the dominant materials 
within the fraction, and the impact of contaminates. These recovery options, or 
'destinations', include recycling, as is the case with many metallic material streams, 
incineration, landfill, and in the worst cases, hazardous landfill. The following section 
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outlines the Post Fragmentation Material Analysis model developed as part of this 
research, which ensures that these recovery issues can be conveyed to vehicle 
designers within the DELV framework. 
8.3 The Post Fragmentation Material Analysis Model. 
This research has generated a Post Fragmentation Material Analysis (PFMA) model, 
which attempts to exploit knowledge of post fragmentation processing to predict the 
separation of a vehicle and anticipate the recovery destination and value of each 
fraction created, therefore highlighting the influence of a vehicles material 
composition on its post fragmentation recovery. 
A recovery destination is defined by this research as the best recovery option 
available to a fraction. A fraction's destination can therefore be recycling, 
incineration, landfill or hazardous landfill, and is determined by the fraction's 
composition. The recovery and value of a post fragmentation fraction can therefore be 
improved through the reconsideration of material use and the removal of 
contaminating parts and assemblies before shredding. The PIMA model aims to 
provide vehicle manufacturers with an insight into the implications of vehicle design 
on post fragmentation recovery and value. In order that the PFMA model achieves 
this aim, the following assumptions have been made: 
Differences in vehicle structure do not influence post fragmentation 
separation. Although separation processes can be influenced by structure, the 
impact of differing vehicle structures is not directly taken into account. 
Material fractions destined for incineration, landfill or hazardous landfill, are 
assumed to have a flat rate value or cost, and therefore their cost/value is not 
dependant on their composition. 
The PFMA model consists of a post fragmentation assessment, a fraction value 
assessment, a fraction material assessment and a material restriction assessment. The 
linear order in which these assessments are conducted along with their activities are 
shown in figure 8.1. 
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I Vehicle Design Assessment I 
The Post Fragmentation Material 
Analysis Model 
Post Fragmentation Assessment 
Assesses the fragmentation of a vehicle/assembly and splits it 
into fractions 
Fraction Value Assessment 
Assigns a destination to each fraction 
Assigns a value to each fraction based on the destination 
Fraction Matedal Assessment 
Assigns a potential destination to each fraction 
7 
Selection by user of problem materials based on potential 
destination 
Material Restriction Assessment 
selection by user of assemblies or parts that contain problem 
materials, for removal, replacement or redesign 
I Modular Design Improvement I 
Keys 
Design for Modular IN, Disassembly 
Design for 
10, Shredding 
Figure 8.1, Post Fragmentation Material Analysis (PFMA) 
A full description of each assessment is given in the following sections, and an 
explanation of the activities conducted within them and their software implementation 
is provided in sections 8.4 and 8.5 respectively. 
8.3.1 IhePo. vtFýragmentationA. vsessment 
The post fragmentation assessment uses a simulation of post fragmentation separation 
processes to divide input material into a number of output fractions. The material 
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composition of the vehicle teardown from the Vehicle Design Assessment model 
(detailed in chapter 7) can be used as the input material. Post fragmentation separation 
processes can then be selected from those commonly used by the recovery industry. 
These processes include magnetic separation, eddy current separation, dense media 
separation, air classification and size classification. The assessment uses the post 
fragmentation processes selected to calculate the amount of input material that 
Lpasses' and 'fails' at each process step, creating a number of output fractions. This 
creates a user defined assessment, which provides results that are directly applicable 
to the vehicles recovery. It also allows the ramifications of new post fragmentation 
processing steps to be analysed. 
8.3.2 7he Fraction Value Assessment 
The fraction value assessment uses the fractions created by the post fragmentation 
assessment and assigns a destination and value to those fractions based on their 
material composition. The identification of a fraction's destination is based on the 
bottom four elements of the waste hierarchy, as shown in figure 8.2. The destination 
has a direct impact on the value of a fraction. Whilst the recycling value of a fraction 
can vary depending on its purity, the incineration value and landfill cost are fixed and 
only depend on the fraction's weight and ability to be incinerated or landfilled. This 
ability is reliant on the amount of un-incineratable or hazardous material that the 
fraction contains. 
Recycling 
Incineration 
Hazardous Landfill 
Figure 8.2, The bottom four element of the Waste Hierarchy. 
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8.3.3 The Fraction Material Assessment 
The fraction material assessment highlights 'problem materials' that prevent a fraction 
from attaining an improved recovery destination. An improved destination can be 
defined as a move up the waste hierarchy from landfill and incineration to material 
recycling. The potential increase in value that this improved destination can provide is 
also assessed, ensuring that this environmental improvement can be achieved 
economically. Problem materials are defined by this research as materials that prevent 
a fraction from achieving this recovery potential. These materials are therefore 
identified for reduction within the vehicle, either through pre fragmentation 
dismantling, material restrictions or improved design so materials can be removed 
prior to fragmentation. 
&3.4 The Material Restriction Assessment 
The material restriction assessment provides the user with an opportunity to select 
parts and assemblies from the vehicle that contain the problem material identified 
during the material assessment, and recommend them for pre-fragmentation removal, 
material substitution or redesign. The three options are recommended in the order 
promoted by the waste hierarchy. Priority is therefore given to prevention through 
material reconsideration, followed by both redesign and pre-fragmentation removal, 
which are waste reduction measures that improve post fragmentation recovery 
through pre fragmentation dismantling. 
8.4 The Implementation of the Post Fragmentation Material Analysis Model 
The following sections outline the activities within each assessment, as shown in 
figure 8.1. Firstly, the post fragmentation separation of theyehicle is assessed creating 
material fractions. These fractions are then assigned a destination, and a value or cost 
based on that destination. The problem materials within these fractions are then 
identified, before the model is completed by the selection of assemblies containing 
these contaminates so that they can be removed from the vehicle through material 
substitution, redesign or disassembly. 
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8.4.1 Assessing the Post FrtWinentation ofa Vehicle 
The assessment of post fragmentation separation is based oil the separation processes 
used and the materials present within the input fraction. Thc flow chart In figure 8.3 
shows the decision process used to assess the material input through a single post 
t, ragmentation process to produce a 'pass' output fraction and a '11111' Output fraCtIO11. 
This assessment begins by identifying the number ofniatcrials present in the material 
input. The name and percentage of each material within the material input is tlicil 
determined. The amount of each material in the pass and I'ail output fractions 11, C 
calculated using a Material Split Ratio (MSR). Each output can then be employed its 
the material input of another separation process, allowing flexibility and user 
interaction. MSRs are defined by this research as the expected percentage of' a 
material within the material input that will be separated into the pass output I ractiOn. 
An MSR can be generated for a material by combining the percentage ofcvery other 
material, with the ratios held within a Process-Material Matrix (I'MM), Such aS the 
one shown in table 8.1. 
Material 
Input 
Fraction 
ny 
W, 
Ion? 
How m, 
>a 
n materials are W 
p se t NIthin 
materials are 
resent within 
t7 fraction? 
Calculates the amount of material x in the pass and fail fractions 
(For materials 1 to n) I -- 
What is the Material x< What percentage of 
name of the I-. material x is present 
material? 
> 
in the input fraction? 
Calculates the amount of 
material x in 'fail' fraction. 
Xa the amount Calcul a 
of ma rials I -n in 'fail' 
fraction 
Calculates the amount of 
14 
material x in'pass' 
fraction using equation 
88. 
T 
Calculates the aF unt 
of, materials 1 
in 7in 
ount Z OU 
'n pass' fraction 
Calculates the impact of each 
material in the fraction on the 
separation of material x 
(For materials 1 to n excluding x) 
Mat are the 
material split ratio for 
material x and 
material n? 
Calculates a new material split 
value for material x and n based 
on BetaPERT uncertainty model 
Figure 8.3, Assessing the post fragmentation separation ot'a input fraction. 
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Material A Material B Material C Material D 
Material A 1 1 1 
Material B 38 38 38 38 
Material C 20 13 7 7 
Material D 30 25 16 10 
Table 8.1, An air classification process-material matrix. 
The ratios within table 8.1 represent the percentage of a material that is separated into 
the pass output t, raction when mixed with another specified material. For example, 
reading across the table, if Material C is not combined with another material (i. e. 
mixed with Material Q 7% of it will be included in the pass Fraction, but 13% of' it 
will go into the pass fraction ifit is mixed with Material B and this \vIII rise to 20`/0 it' 
it is mixed with Material A. These ratios can be based oil material throughput datzi f'or 
each post fragmentation process or material characteristic data. A material 
characteristic based assessment separates materials oil their physical reaction to each 
process. Therefore, this requires knowledge of how those characteristics affect each 
material's separation, and how other factors such as the vehicle or assembly Structure, 
the fragmentation of the vehicle and atmospheric conditions call impact oil that 
process. The influence of these factors is difficult to measure and requires 
unprecedented access and testing at shredder sites around the country, which was 
unavailable to this research. 
Material throughput data is a measurement of the percentage of each inaterial that 
enters and leaves each process. By using material throughputs instead of' 
characteristics as a basis for the ratios, many of these unknown Iactors are 
automatically absorbed into 'black box' separation percentages for cacti material 
within each process, providing an accurate reflection of material separation. 
A measure of uncertainty must also be provided in this assessment to accurately 
reflect the uncertainty in post fragmentation separation processes. It has been made 
clear through interviews with end-of-life operators that many ofthese operations arc 
not 100% efficient, and their output fractions can therefore be erratic. This can be 
dependant on many different variables, from atmospheric conditions to the standards 
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of the fragmentation process. This research has identified and adopted all appropriate 
mathematical modelling technique to reflect this variability, and Litilised It within the 
post I ragincritation assessment. ]'he 13etal)l. -. R'I' distribution is liscd in sinillar 
engineering applications to model uncertainty, and was selected as it gencratcs in 
estimate based on only three inputs (Moitra 1990). 
The three inputs used to generate a distribution using BetallFRT represent a Nýorst 
case, a best case, and a most likely case. Therefore, ratios representing the worst casc. 
best case and most likely case material separation can be used to calculate a 
distribution. By selecting a value based on the distribution created by these three 
ratios, a new ratio can be generated that represents tile uncertainty present in post 
I, ragmentation separation technologies. For example, the BetaPERT distribLition 
shown in figure 8.4, has been generated with a 'most likely' ratio of 25%, a 'least 
likely* ratio of 2% and a best case' ratio of 30%. A dcfincd number of samples are 
then taken frorn the distribution and an average value is calculated, creating a new 
ratio representing all three input ratios. 
Figure 8.4, An example of a BetaPERT distribution. 
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A BetaPERT distribution can be represented by equation 8.1 (Moitra 1990). 
Ax) = 
IF(a +, 8Xx - a)'-'(b - x)p-' 
r'(a)r(pXb - a)a"8-' 
a <x <b, a,, O >0 Equation 8.1 
Where 
IF = Gamma function 
a= Worst case ratio 
b= Best case ratio 
x= Variable between a and b. 
a and 0 can be found by calculating the mean (u) and standard deviation (a), using 
equations 8.2,8.3,8.4 and 8.5. 
a+b+4m Equation 8.2 
6 
b-a 
Equation 8.3 
6 
p-a Equation 8.4 
b-a 
as =a Equation 8.5 b-a 
Where 
m= Most likely case ratio 
= Standard beta distribution mean 
= Standard beta distribution deviation 
From this a and P can be calculated using equations 8.6 and 8.7. 
a= 
(I -- 
2 'U, Equation 8.6 
as 
18 = 
a(l - pj Equation 8.7 
PS 
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An MSR can then be generated for a material, by combining the Betal'FRT ratios I'or 
all materials with the percentage of each material in tile material input. This research 
has generated an equation which calculates this MSR and is shown in equation 
8.8. 
Oo E (I U. 1 ii0 11 8.8 
1-ý) 
((100 
- X) 100) , ", 
/I 
Where 
n= number ohnaterials within the material input 
x= Percentage ofthc matcrial 
y, = Percentage ofall other materials from I to n 
s, = Ratio for material x and y, created bv the BetallERT distribution. 
For example, if the ratios shown in table 8.1 are used, and tile material illllLlt has a 
composition of 40% Material A, 30% Material B, 20% Material C and I 0')/o Material 
D, the amount of each material in the pass and fail fractions can be calculated to be 
those shown in table 9.2. 'rhe MSRs calculated for each material are shmvii as the 
percentage passing. The values inside the brackets are the percentages ofthe matcrial 
input within each fraction. By using this method, average vehicle Stl-tlCtLll'C can be 
taken into account by the assessment. An increase in the aniount ofone material in an 
output fraction when mixed with another material can mean that these materials have 
a relationship within the structure of the vehicle. For example the relationship 
between copper wire and its PVC insulation influences their separation, and this can 
be reflected within the VDA model by a larger ratio for PVC and copper. 
Material Material A Material B Material C Material D 
Percentage of input fraction 40% 30% 20% 100/0 
Percentage passing (MSRs) 1%(0.4%) 38%(11.4%) 15.8% (3.2%) 24.6% (2.5%) 
Percentage failing 99% (39.6%) 62%(18.6%) 84.3% (16.9%) 75.4% (7.5%) 
Table 8.2, Percentages of materials passing and failing in air classification. 
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8.4.2 Assigning a Deslinalion lo a Fraction 
The destination of each ofthe fractions created by the post fragmentation asscssment 
is based on its constituent materials. The flow chart in figurc 8.5 shows the decision 
process used to evaluate whether a fraction should be recycled, incincrated, or scnt to 
landfill or hazardous landfill. If the assessment finds that the combination ofmatenals 
within a fraction is recyclable, the fraction destination is set as recycling. it' it cannot 
be recycled, the fraction is assessed on its ability to be incinerated and then landlilled. 
The recyclability of a fraction is dependant on whether a material \\Itl1III it is 
recyclable, and whether the other materials within the fraction pivvent its recycling. 
]'he fraction's capacity to be incinerated or landfilled is dependant on the aniount of' 
material within the fraction that cannot be landfilled or incinerated, such as hazardous 
materials. 
Output 
material 
fraction 
Can materials within the 
fraction be recycled? 
0 
is the amount of No 
incompatible material 
below the stated 
contamination le 
This fraction can be 
recycled 
Is the amount of un- 
incineratable material 
within the fraction below 
the incineration level? 
a) 
>- 
This fraction can be 
Incinerated 
Is the amount of No hazardous material 
he fraCtion below 
landfill level? 
This fraction can be '; 
an 
T' 
This fraction 
N0 
may go to 
hazardous 
landfill 
Figure 8.5, Assigning a destination to a fraction. 
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To ascertain whether the fraction is recyclable, a recyclable material wi(IIIII the 
fraction must be identified. This is achieved through the use of' a recycling 
compatibility chart and contarnination levels. A material compatibility chart rates 
every material's recycling compatibility with each other on a scale of' I to 5. This 
recycling scale is shown in table 8.3 with 1-3) being compatible and 4-5 being 
incompatible. A contarnination level is the niaxiniurn amount of incompatible 
material that a recyclable material can be combined with to still be recyclable. 
For a material to be recYclable, the amount ot' incompatible material (levels 4 and 5) 
found in the fraction must be below the stated contamination level I'Or that inatcrial. 
For example, for a fraction to be recycled as ferrous metal, tile amount of' lcvcl 4 and 
5 material found in that fraction must be below contamination levels of 15')/0 and 5 IVO 
of its weight respectively. It' a material is 1`6und that can be recycled and contains 
contamination levels below its stated Ili-nit, the fraction can be recycled as that 
material. 
Recycling compatibility charts are commonly used during design (as highlighted in 
chapter 4), and are utiliscd to assess the recyclability of plastic materials within new 
products. However, they are normally limited to plastics and rarely contain other 
materials such as metals, elastomers, and ceramics. The compatibility chart developed 
for this research contains all materials that are likely to be present In a vehicle, and is 
more extensive than existing recycling compatibility charts. The recycling 
compatibility levels used within this chart along with the contamination levels I'm 
each material therefore require substantial research to improve accuracy and gain 
credibmty. 
Level Description 
I Excellent compatibility 
2 Good compatibility 
3 Fair compatibility 
4 Incompatible 
5 Incompatible and may daniage recycling process 
Table 8.3, The recycling compatibility levels 
101 
Chapter 8 
If no recyclable material is found, the fraction must either be incinerated, or sent to 
landfill or hazardous landfill. This decision is made based on the following factors: 
* Un-incineratable materials - Materials that cannot be incinerated are 
identified within the fraction. 
e The incineration level - The maximum percentage of un-incineratable 
material that can be incinerated. 
* Hazardous materials - Materials that are hazardous are identified within the 
fraction. 
The landrill level - The maximum percentage of hazardous material that can 
be landfilled. 
To establish whether a fraction can be incinerated, the percentage of un-incinerable 
material within the fraction is calculated. If this value is below the stated incineration 
level the fraction can be incinerated. If the fraction cannot be incinerated, the 
percentage of hazardous material within the fraction is calculated. If this value is 
below the stated landfill level the fraction can be landfilled. If neither can be achieve, 
the fractions destination is set to hazardous landfill. 
8.4.3 Assigning a Value to a Fraction 
The value of a fraction is determined by its weight, its destination and the value or 
cost per tonne of the materials within it. The flow chart in figure 8.6 shows the 
decision process used in assigning a value to a fraction. If a fraction's destination is 
recycling, this conflrms that the fraction conforms to the lowest recycling standards 
and therefore has a recycling value. To establish that value, the impact of any 
impurities must be ascertained and therefore the percentage of level 4 and 5 materials, 
as described in the previous section, must be calculated. If the fraction is incinerated, 
a flat rate f/tonne value for incineration is applied to the fraction weight. A similar 
flat rate f/tonne cost is also applied if the fraction becomes landfill or hazardous 
landfill. In these cases variability in fraction material content does not affect the value 
or cost of the fraction as their composition will not affect their performance. 
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Figure 8.6, Assigning a value to a fraction. 
A recycling value rate (R,,, I,,, ) in f/tonne has been created by this research. and is 
calculated by entering the amount of level 5 and 4 materials xvithin the fraction into 
equation 8.9. 
R,,,, 
Illf, ý 
((Vj,, 
gj, 
V 
I'M 
ý, )+I 
Where 
Vhigh Highest potential recycling value per torme for selected material 
Vl,,,, Lowest potential recycling value per torme for selected material 
X4 = Percentage of level 4 material in fraction 
X5 = Percentage of level 5 material in fraction 
V4 = Rate of value reduction for level 4 material 
V5 = Rate of value reduction for level 5 material 
Equation 8.9 
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This equation models the exponential decay of recycling value as contamination 
levels rise. Therefore, the maximum value that can be attained from this calculation is 
when the percentage of contaminants (X4 and X5) IS Zero. The high N'. IlUC represents 
100% pure material and therefore can be represented by virgin material prices, and tile 
low value can be developed through knowledge of existing and emerging recycling 
markets. It' accurate data is used to populate the model, it can providc vclllclc 
manufacturers with the implications of' material use on post fragniclitat loll recovery 
economics. 
This equation reflects the impact of' impurity on recycling value that IS preScrit In 
current material recycling markets. Figure 8.7 provides a graphical example of' this 
impact. In this example, the highest potential recycling value is set at 000 per 
torme, the lowest potential recycling value (V/ .... ) at f 150 per tonne, tile aniount of' 
level 5 material (v5) at 0.6% of the fraction and the reduction rates 15 and 1"4 at I -Ind 
2 respectively. It can be seen that once the 0.6% of level 5 materials has been reached, 
the curve adjusts to the level 4 reduction rate and eventually flattens at E150. 
Therefore, ifthe amount ot'level 4 material (X4) is set at 1%, the fraction value will be 
approximately f 188. If this increases to 2%, this reduces the value by f 14 to E 164. 
The recycling rate is then multiplied by the fraction weight in tonnes to determine a 
final fraction value. 
The decay of recycling value 
0 6% Leýel 5 Maximum 10% 
M. t,, "'al ,,, 1 4 MM-al 
600 
500 
400 
300 
200 
100 
Figure 8.7, The decay of recycling value dependant on contamination 
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8.4.4 Assigning an Improved Fraclion Destinations 
The selection of an improved recovery destination 11or a fraction Is based oil tile 
economic return that the new destination could provide, and the amount of problem 
materials the will have to be removed to achieve it. All post Fragmentation fractions 
have potential Ior improved recovery should specific problem materials he removed. 
This activity determines which recovery option provides the highest return I`Or the 
least material removed, and its flow diagram is shown in figurc 8.8.11' a fraction is 
currently recycled, the econornic value of reducing the fraction's contaminates by 
10% is calculated. l-, or fractions that arc currently destined Ior incineration, tile only 
recovery improvement is recycling and therefore tile required reductions ill level 4 
and 5 materials arc determined. I lowever, in the case offractions destined I'Or landlilL 
a small improvement in its constituent materials could mean recovery via incineration, 
whilst a large improvement may allow tor recycling. 'File research has generated all 
equation to calculate a 'Reduction Value' rate as shown Ill CLILlation 8.10, 
which allows the benefits ofthese options to be analysed and the best one selected. 
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Figure 8.8, The flow diagram of potential recovery destination selection 
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Vreduction -" 
((Vi. 
prvedW)1lOOXlOO - 
((XIW)100))- Vurrent 
Equation 8.10 
x 
Where 
Vi,, 
p,,,, d = Value of fraction in improved destination (E/g) 
Vc. 
rrent = Value of fraction in current destination (; E/g) 
w Weight of fraction (g) 
x Required weight reduction (g) 
This equation takes the potential value that an improved recovery destination could 
provide (Vj. p,,,,, d) and calculates the value increase this would offer from the current 
fraction value (V ........ ). This value increase is then divided by the required weight 
reduction (x) to provide a Vg V,, d,,, jj, rate. If recycling is the improved destination, x 
is the minimum reduction in level 4 and 5 materials required to achieve the required 
contamination level (as described in section 8.4.2) for the recyclable material. If 
incineration or landfill are the improved destinations, x is the reduction in un- 
incineratable or hazardous materials required to achieve those options respectively. 
The inclusion of landfill as an 'improvement' option is only considered when a 
fraction's destination is hazardous landfill. Although a move from hazardous landfill 
to landfill is not an improvement in recovery, it does reduce costs significantly and 
provides an environmental benefit. 
This calculation allows the recovery improvements to be compared in terms of the 
value they give for every gram of problem material that is removed. If several 
improved destinations are possible, as is the case with landfill and hazardous landfill, 
the improved destination providing the highest V,., d,,, i,,, rate is selected. Fractions can 
then be compared, and those with the highest potential value improvement can be 
selected, with their problem materials identified using the activity detailed in the 
following section. 
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8.4.5 Problem Material Selection 
The selection of a problem material uses the improved destination assigned to the 
fraction to identify problem materials within it so that they can be removed to achieve 
improved value recovery. As defined in chapter 6, problem materials arc materials 
that prevent a fraction from achieving its recovery potential. For example, if the 
improved destination of a fraction is recycling, but several level 4 materials prevent 
recycling, these materials are listed for the user to select along with the required 
weight reduction. These materials must then be reduced before fragmentation to 
prevent their contamination of the fraction using the material restriction assessment 
described in the following section. 
8.4.6 Selection ofParts andAssemblies that Contain Problem Materials 
The selection of parts and assemblies that contain the specified problem materials is a 
user centred process, providing three options to reduce the materials within the 
fraction. These options are pre fragmentation disassembly, material reconsideration 
and design reconsideration. Any part or assembly containing the problem materials 
within the teardown are presented to the user for selection. The user must use their 
own knowledge of the vehicle to identify which of the three options is the most 
appropriate, and therefore reduce the amount of each problem material within the 
material input. In order to achieve this, the combined weight of each problem material 
within the parts and assemblies identified for disassembly, material reconsideration or 
design reconsideration, should exceed those required weight reductions. 
The selection of materials for disassembly is restricted to parts and assemblies on the 
surface level of the vehicle that can be accessed and removed quickly and easily. The 
subsequent manual removal times are combined and a disassembly cost is produced 
based on an hourly rate added by the user. This provides an indication of the likely 
cost should these parts be removed before shredding. Material restrictions are added 
to the future design of parts and assemblies identified for material reconsiderations to 
reduce the amount of problem material at source. Finally, assemblies that are 
identified for design reconsideration move on to the Modular Design Improvement 
model described in chapter 9. 
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8.5 The Post Fragmentation Material Analysis Software Tool 
The description of the assessment activities involved in the second stage of the DELV 
framework clearly highlights the complexity of the analytical processes. Therefore, 
the PFMA model has been implemented within software using Microsoft Excel and 
Visual Basic programming language. This software was chosen because of its ease of 
use, its common availability, and its tabular layout which relates to the requirements 
of the tool. 
The post fragmentation assessment software contains a user interface that permits the 
selection of any separation process in any order, and allows the analysis of any of the 
material streams created by those processing options. The process selection is shown 
in figure 8.9. Any one of six processes can be selected from a drop down menu. These 
include magnetic separation, eddy current separation, cyclone (air) separation, density 
separation at a density of 1.5 (1500k g/M3 ), density separation at a density of 3.5 
(3500k g/M3) , and screening 
(size classification). Once a process has been selected, 
two lines representing the two material streams created appear on the screen along 
with two text boxes containing a description of each stream. For example, if cyclone 
separation is the selected processing option, a 'Heavy' and a 'Light' fraction appear. 
This provides a visual record of the processes selected and the resultant streams 
created. 
I F- I-I Start 
.................... Eddy Current Separation 
Cyclone Separation 
Density Separation (15) 
Density Separation (35) 
Figure 8.9, The selection of post shredder processes 
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The user can restart the selection process at any time or view a description of each 
separation process, should they require more information to make the decision. If the 
user has no knowledge, the program also has a generic processing route available. 
This route is shown in figure 8.10, and includes all of the separation processes 
available, Although many UK processors operate with different processing options at 
different stages, there is generally a commonality between them. Afler the vehicle is 
shredded a cyclone separates its light and heavy fractions. The light faction is size 
classified with the small fraction going to landfill and the large fraction continuing 
through magnetic and then eddy current separation. The heavy fraction is 
magnetically separated which provides the valuable ferrous fraction, and a non 
magnetic fraction which continues through eddy current separation and two stages of 
density separation to recover non ferrous metals such as aluminium. 
Liott M. - 
start 
ýIamfy Mew 
raion sm- 
Eddy Dirent D, I. It 3wo OLI Sep-jb- oi,, Jltf S. P. Mi. Lis) - V.. 
: 01 
Figure 8.10, A generic post fragmentation processing route 
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Figure 8.11 shows a typical heavy fractions material composition after air 
classification. The page is split into 3 distinct areas, providing the user with a 
simplified assessment of the output fraction. The first is a list of each material in the 
fraction, their weights and their percentage within the stream and of the original 
material. The second is a pie chart which provides a visual breakdown of the fractions 
content by material categorisation. These categories include ferrous metal (red), non 
ferrous metal (orange), thermosets (light blue), thermoplastics (blue), elastomers (dark 
blue), electrical (yellow), glass (green), fabric (black) and other materials (grey). The 
final area displays a bar chart showing the percentage of each material in the stream. 
This provides the user with an indication of fraction composition so that the models 
accuracy can be tested and additional processing can be selected based on the 
fractions material content. The user can then view the values and destinations of the 
output fractions, as shown in figure 8.12. 
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Figure 8.11, Data presented on the heavy fraction 
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Figure 8.12, A screenshot of the output fraction destinations and values. 
The screenshot in Figure 8.12 displays each stream name, destination, value and 
potential improvement for each of the output fractions created by the post 
fragmentation assessment. These output fractions are defined as the fractions that 
need no subsequent operations to separate them, and are representative of what the 
end-of-life operator will either recover or dispose of The stream name is an 
amalgamation of each separation process conducted on it. For example, if a fraction is 
created from the heavy fraction output of cyclone separation and then the magnetic 
fraction output of magnetic separation, it is called the heavy magnetic fraction. The 
destination and value of each fraction originates from the activities described in 
sections 8.4.2 and 8.4.3. 
The user is also provided with a synopsis of each output fraction's potential 
improvement. This gives details of the current weight and percentage of the input 
fraction held within the specific output fraction, the required reduction weight and 
percentage for the fraction to achieve its improved destination, the increase in value 
that would create and the resultant value that the fraction would then attain. The 
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V,, d,, t,,, rate for the potential fraction improvement is also included to provide the 
user with a comparative measure of value that any reduction in problem material 
could attain. The user can then select any of the fractions displayed, to view the 
problem materials that exist within that fraction. 
This selection of problem materials within an output fraction is shown in figure 8.13. 
Once a fraction has been selected, the problem materials within that fraction are listed 
along with their weights within the fraction and the required weight reduction. The 
user must then select the materials they wish to reduce in the fraction and define how 
much they wish to reduce them by. As these percentage reductions increase, the 
required weight reduction decreases until the user specified reductions are larger then 
the required reductions. Assemblies and parts containing these materials can then be 
located within the vehicle teardown, giving the user the opportunity to change them, 
reducing the fraction contamination and improving its recovery. This is displayed in 
the screenshot shown in figure 8.14. The weight reductions required for each material 
are shown along the top of the screen. A scrollable table is provided below them 
containing all of the parts and assemblies that contain the problem materials identified 
in figure 8.13. 
Problem Material Reduction Flack 
The materials listed below arc! the problem materials within the waste stream that must be reduced to 
improve the recovery of the traction Blow is a weight reduction target and alongside it a reduced to 
Add Material Split 
box To reduce the amount nif each material in the frarlion, use the percentage toggles in the reduce by 
column By changing these v-aluvs the Weight reduced tu'box will go down. This box must be reduced 
to 7ern to be able to achieve the required target The weight of each material wdhin the entire 
Find Assemblies 
vehicle/2ssembly is 21so shown 26 wall 2S the redcution in weight required in the whole 
vehicialassembly 
weight reduction required to achieve target: 
[ 4788 with current reductions 0 
Mat Name Weight Sated Mat name Weight 
MET 23 
r-ELG 1674 86% 
Fall [-. -3% 
F F---4. F83% 
j Co F 400 
r -75% 
1 
-Ig r 
-BRASS 1-2 
r osm 
--13 
Select 
Figure 8.13, The selection of problem materials within DELV 
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Assemblies with high material content 
Please select any ofthe parts or assemblies listed for material consideration, design reconsideration or removal 
during disassembly to acheive the required reductions in each ofthe material types shown below. Only assemblies DELV 
and parts on level 0 (i. e. surfact parts) can be earmarked for disassembly. the cost ofwhich is shown to the side. 
Several ofthe parts and assemblies listed may be contained within other assemblies listed. Once one ofthese Is 
selected, assembly it is contained in or the part that is contain in it, cannot be added. 
ELC Ism P Ell-11 I VC ý 19344 1 3424 
1 co 1 2469 
1057 
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143 BRACKET ACTIVATED CARBON CANSTER 3 20 0a0a 
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15 INSTRUMENT PANEL ASSY 4 1200 53 1046 1754 0 
Add Selected 
Part/Assembly 
Add Selýctld 21 
Pwt/Assembly 3 
61 
136 
Add Selected 16 
PwIJAssembly 
HEAD REST ASSY 
REAR SEAT BENCH ASSY 
HEAD REST REAR SEAT BACK REST ASSY 
HEATER EILOVWR AND A/C UNIT ASSY 
Rothection 
Refpdie4t 
45979 
0 
0 
Clear 
jq ub 34 081 Disassem[W Cost 
346 0 12 008 
20 05 
1380 4 134 
1780 5 3600 Conduct 
Redesign 
Figure 8.14, A screenshot of assembly/part selection 
The user can then select a part or assembly and add it to the 'reconsider material use' 
list, the 'remove during disassembly' list or the 'reconsider design' list. As parts are 
added to each list, the weight reductions required begins to fall as the problem 
material weight is subtracted from them. The potential cost of disassembly also begins 
to accumulate as parts are added to the 'remove during disassembly' list. Once the 
required weight reductions are reduced to zero, the user can then continue to the 
Modular Design Improvement model to begin the redesign process. 
8.6 Summary 
This chapter has outlined a method which assesses the material separation of a 
shredded vehicle using Post Fragmentation Material Analysis. The model employs 
vehicle material data to estimate its post fragmentation recovery, and therefore 
identify problem materials that contaminate potentially recoverable material streams. 
This process provides designers and engineers with an understanding of material 
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separability alongside recyclability, which is essential in the successful recovery of 
materials for recycling. The information presented by the analysis can therefore 
influence future vehicle design through an extension in material restrictions or 
through the Modular Design Improvement model described in the following chapter. 
The Modular Design Improvement model groups the contaminants identified by the 
Post Fragmentation Material Analysis into modules. These models therefore combine 
to increase the potential recovery of post fragmentation material streams through an 
improvement in pre-fragmentation disassembly, applying the 'Design for Shredding' 
approach described in chapter 6. 
f 
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Chapter 9 
The Modular Design Improvement Model 
9.1 Introduction 
This chapter presents the research undertaken in developing a Modular Design 
improvement model to be used during the vehicle design process. This model 
attempts to provide designers with the ability to reconfigure assemblies and vehicle 
architectures to promote recovery. The chapter begins by describing the Modular 
Design Improvement model along with the three processes that encompass it. The 
activities within these processes, which require significant input by the designer 
(referred to as the user throughout this chapter), are explained. A software tool 
developed to support this final stage of the DELV framework is then presented. 
9.2 The Modular Design Improvement Model 
The Modular Design Improvement (MDI) model attempts to reconfigure assemblies 
by grouping their constituent parts into modules based on their recovery attributes, 
such as their functionality, reusability, recyclability or lifetime. This process improves 
access to parts by altering the architecture of vehicle assemblies, which has been 
identified by this research as an impediment to pre-fragmentation recovery. The 
design of vehicle architecture is currently based around reduced weight, lower 
manufacturing cost and increased specification. However, this produces integrated 
systems that prevent reuse or recycling. Traditional Dfl) approaches are often applied 
within the boundaries of this architecture, and hence cannot play any role defining it. 
Therefore, this research has investigated a Modular Design Improvement model 
which is shown in figure 9.1. This model uses the factors that effect pre and post 
fragmentation recovery to influence vehicle architecture. 
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The Vehicle Design 
Assessment 
The Post 
Fragmentation 
Material Analysis 
The Modular Design Improvement 
Part Design Assessment 
Keys 
Design for Modular 
Disassembly 
Design 
for Shredding 
All processes 
User definition of the recovery factors 
User definition of part relationships 
The characterisation of part relationships into a single Design 
Structure Matrix 
Design Structure Reconfiguration 
The construction of the redesign layout 
The creation of modules within layouts 
Redesign Recommendations 
The identification of recommendations 
Redesign presentation 
Figure 9.1, The activities within each stage of the Modular Design Improvement 
model. 
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The MDI model uses the functional and physical relationships present between parts 
to define and then reconfigure assembly architecture. For example, these relationships 
can be based on material similarity for recycling (i. e. are the two parts made from the 
same material? ) or part lifetime (i. e. do the two parts have the same lifetime? ). This 
high level/low detail method is beneficial during architectural design where a detailed 
knowledge of the new design has yet to be established. 
Therefore, unlike traditional Dfl) techniques, this model requires no detailed design 
knowledge and can be implemented during vehicle architecture design. This provides 
a distinctive and novel approach, which can be given specific focus towards certain 
end-of-life factors to produce reconfigured assembly architectures that are intended 
for reuse or recycling. The flexibility offered can even be used to apply the Design for 
Shredding approach described in chapter 6. By focusing the model on the grouping of 
problem materials identified by the Post Fragmentation Material Analysis model, 
access to these materials can be enhanced and therefore the recovery of post 
fragmentation fractions can be improved through pre fragmentation disassembly. 
The MDI model is implemented through the three processes shown in figure 9.1, 
namely the part design assessment, the design structure reconfiguration and the 
redesign recommendations. These processes are described in the following sections, 
which are then followed by an in depth explanation of the activities that take place 
during each process. 
9.2.1 The Part Design Assessment 
The part design assessment defines and analyses the end-of-life relationships between 
parts within a specified assembly. The definition process allows the model to analyse 
the assembly and then reconfigure it according to the end-of-life relationships 
identified. The assessment begins with the identification and definition of these end- 
of-life relationships, referred to in this thesis as 'recovery factors'. The user can select 
and define the importance of six of these factors including, function, recycling, 
problem materials, reuse, lifetime, and existing modularity. This allows the model to 
provide focus towards specific recovery factors. The user must then define the 
relationships between all of the parts within the assembly by the recovery factors 
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selected. For example, iffunction has been selected as a recovery 1', ICIOI-, tlIC LISCr IIIUSt 
define whether each part is functionally dependant or independent ofevcry other part. 
Thcse part relationships are then characterised into a single Design Structure Matrix 
(DSM). A DSM is a representation of the relationships between the parts ofa product 
or assembly within a matrix. This technique is used in a wide range of' applications 
like product planning, systems engineering, and software design and provides "I/ 
simj7le, conij)acl, and visual representation of a conij? lex vYsIc/n that sulymi-ts 
innovative solutions to decomI)osition and inlegi-ationsolidion. v - (Browning 2001 ). 
The matrix on the left of Figure 9.2 shows a typical DSM, with each part represented 
in both the rows and columns of the matrix (A-G), and the relationships between cach 
of them listed as I's (relationship) or O's (no relationship). Reading across a Rm, 
shows v,, hich other elernents (listed in the columns) arc depciidant on that element. 
Reading down a column shows which other elements (listed in the rows) that element 
depends on. The DSM developed by this research discounts this dependency, as tile 
identification of each relationship is all that is required. The matrix on the right of' 
Figure 9.5 shows the nil'ormation provided in the DSM on the left. but in the form 
used within the MIA model. The main advantage of using a DSM is that you are 
provided with a Visual representation ofall part relationships. 
A Common DSM A MIDI Model DSM 
A 
B 
c 
D 
E 
F 
G 
A 
B 
c 
D 
E 
F 
G 
Figure 9.5, A common DSM (left) and the equivalent MDI model DSM (right). 
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9.2.2 Design Structure Reconfiguration 
The design structure reconfiguration uses the single DSM developed during the 
previous process and reconfigures its layout based on the relationships defined within 
it. Modules are then created within the new layout allowing parts with recovery factor 
relationships to be grouped together. The reconfigured layout is created by a 
clustering algorithm which orders the parts within the DSM by the relationships 
between them. The parts within this reconfigured layout are then grouped based on 
the strength of their relationships. This provides a measure of each module's internal 
and external interdependencies and from this an optimum modular layout is produced. 
9.2.3 Redesign Recommendations 
Redesign recommendations are generated from the modules created, which describe 
their layout, highlight their deficiencies and explain how those deficiencies can be 
rectified. This is achieved by scoring each module on the recovery factors defined. 
The modules with the lowest scores are highlighted for specific design modification. 
For example, if a module is created for reuse, parts within the module that have 
dissimilar lifetimes are highlighted and recommendations are made to give those parts 
the same lifetime as the module. The reconfigured layout of the assembly and the 
modules created within it are visually represented for the user alongside these 
recommendations. 
9.3 The Implementation of the Modular Design Improvement Model 
The following sections outline the activities within each of the MDI model processes, 
as shown in figure 9.1. Firstly, the definition of both the recovery factors and the part 
relationships are discussed. The characterisation of these part relationships in a DSM 
is then detailed, and the reconfiguration of the DSM is explained. The activity of 
module creation within this reconfigured DSM layout is then described. To aid this 
explanation, the redesign process for a 'gear lever knob' assembly has been selected 
as an example, as shown in figure 9.2. This assembly consists of five parts, all of 
which are listed along with their relevant end-of-life characteristics in table 9.1. 
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Figure 9.2, The gear lever knob assembly. 
Parts/Elements Material Functional connections Estimated likcN. cle 
Cover gear lever knob Leather 
Covers the surround gear lever Shorl knob and the knob gearshift lever. 
Gear symbol lever gearshift 
Polymethyl methacrylate Attached to the top of the surround Short (PMMA) gear lever knob. 
Surround gear lever knob Polyurethene (PUR) 
Connected to the socket gearshift Medium lever. 
Socket gearshift lever Nylon (PA) 
Connects the surround gear lever Medium knob and the knob gearshift lever. 
Knob gearshift lever Aluminium 
connected to the socket gearshift Long 
I I 
lever. 
Table 9.1, Parts within the gear lever knob assembly. 
9.3.1 The User Dýfinilion (? f lhe Recovery Pactors 
The initial activity in the MDI model is the user definition of the recovery factors. The 
recovery factors can be a combination of any of six different topics, each of which are 
defined below: 
0 Function - If parts have a functional relationship, at least one of the parts is 
dependant on the other to provide its function. The inclusion of function 
therefore ensures that the functionality and therefore the performance of the 
assembly is not compromised, 
9 Recycling - If parts have a recycling relationship, they are either made from 
the same material, or show similarity in material type. Therefore the addition 
of the recycling recovery factor requires the MDI model to group similar 
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materials so that they can be removed and recycled without further 
disassembly. 
" Problem materials - If parts have a problem material relationship, they both 
contain a problem material defined by the Post Fragmentation Material 
Analysis model. The inclusion of this recovery factor is therefore an attempt to 
group these materials for pre fragmentation disassembly to increase post 
fragmentation recovery and value. 
" Reuse - If parts have a reuse relationship, they both require each other to 
provide a reusable function. The addition of this recovery factor therefore 
ensures that these parts are kept in the same module so that they can continue 
to be reused. 
" Lifetime - If parts have a lifetime relationship, they either have the same, or a 
similar expected lifetime. The inclusion of this recovery factor requires the 
MDI model to group parts with a similar lifetime into modules so they can be 
removed and replaced at the same time. Therefore, this recovery factor 
encourages parts to be replaceable throughout the lifetime of the vehicle, 
extending the life of the assembly and vehicle. 
Existing modularity - If parts have a existing modularity relationship, they 
are already contained within the same module. This gives consideration to 
groups of parts that already exist within the assembly because of other factors 
such as reduced manufacturing cost. 
The user is able to define the importance of each of these factors to reflect the 
underlining importance of a particular recovery issue. The user can also define how 
the process of module selection is conducted. This depends on which definition of 
modularity the user feels is most important. In this thesis, the research has adopted the 
definition by Ulrich (1995) which is based on two parts, one being the improvement 
of internal one-to-one mapping of functions within the module, and the other being 
the reduction of external interaction between the module and other components. 
Therefore the modularity definition allows the user to set the importance of each 
definition based on two options, namely: - 
121 
Chapter 9 
Internal Interactions -A high score will place emphasis on the creation of 
modules with internal similarities 
External Interactions -A high score will produce modules will low 
interdependencies 
9.3.2 The User Definition ofPart Relationships 
Once the recovery factors have been identified, the assembly's part relationships 
based on these recovery factors must be defined. The flow chart in figure 9.3 shows 
the process used. This process begins by determining the number of parts within the 
assembly. A part is defined as a material or group of materials that provides a single 
function. Therefore, the user must break the assembly down into the lowest level of 
function possible. For example, the back rest in a car seat provides the function of 
supporting the back of the passenger, however the foam within the backrest provides a 
different function to the fabric used to cover it. These must therefore be split into two 
separate parts even though conventionally they are seen as one part. 
The more the assembly is broken down, the more detailed the definition of part 
relationships will become, which facilitates the creation of more detailed modules and 
redesign recommendations. Once the number of parts has been described, each part 
name is defined. This allows the parts to be easily identifiable throughout the model. 
Each part's relationship with every other part in the assembly is then defined 
depending on which recovery factors were selected during the definition. Function, 
problem materials, reuse, and existing modularity require simple 
dependent/independent or yes/no answers. However, recycling and lifetime require 
three choices to define their relationships. 
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Figure 9.3, The definition of part relationships. 
Part 
Relationship 
Database 
123 
Chap/er () 
Materials do not necessarily have to be the same to be recycled together. For example, 
PC and ABS can be recycled together depending oil the concentration of' each. 
Therefore, this requires more than a simple yes/no answer, and tile addition of' 
-similar' allows this to be taken into account within the MIA model. The ambiguity ill 
-similar' also allows the user to decide on how similarity Should be classified. For 
example, are materials that call be incinerated together defined as similar for the 
recycling recovery factor or does this similarity only exist when they can be recycled? 
As long as consistency is kept throughout the process, tills ambiguity allows the use[- 
to decide on the level of similarity required. The information provided by tills part 
relationship definition is stored in a part relationship database. The data is compiled 
within the database in DSMs representing each recovery factor. This is in tile form ol, 
I 's or O's for yes/no answers, or 2's, I ýs or O's for same, similar, or different answers. 
For example, the gear lever knob assembly introduced in figure 9.2 and table 9.1 is 
given three recovery factors. function, recycling and lifetime. The three corresponding 
matrices created within the part relationship data base arc shown In figure 9.4. 
Function Matrix Recycling Matrix Lifetime Matrix 
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Figure 9.4, The recovery factor matrices created within the part relationship database. 
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9.3.3 The Characl crisal ion ol'Parl Re lal ionships and the 0 -et it im i oft i Sii igh, I)s,, l / 
This activity characterises the part relationships in each recovery factor niatrix iising I 
similarity measure to create a relationship matrix for each factor. This In 1`61-Inat loll is 
then combined with the importance of each recovery factor to create a single DSM. 
This process is shown through the flow chart in figure 9.5. 
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n parts Determine the name 
of the part 
cc --II 
Add corresponding 
values from each part 
relationship matrix 
together 
Calculate relative 
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Multiply each value 
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importance (r, ) 
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Single DSM 
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matrix created for 
recovery factor 
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relationship matrix 
under parts x and n 
Figure 9.5, 'rhe characterisation of part relationships and the creation of a single 
DSM. 
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The characterisation of part relationships is required to identify which part,, have the 
greatest number of relationships. This information is critical to the design structure 
reconfiguration process described in the following section. Many clustering 
algorithms require intormation on the similarity between parts to be abic to gi-oup 
similar parts together. The creation ofsingle DSM is necessary as the design structure 
reconfiguration can only recontigure a single matrix. Therel'ore a single DSM is 
created to represent all of the recovery factors in one matrix. 
The process begins by determining the number of recovery factor matrices within the 
part relationship database and the number of parts within the assembly. The number 
of common relationships between each part is then counted using a sinillarity 
measure. A measure of' similarity provides a comparison of two parts relationships 
with all other parts. For example, in figure 9.6 the function matrix 1`6r the lever knob 
assembly is shown. The functional relationships oftwo oftlic parts, the Surround gear 
lever knob and the knob gearshift lever, are highlighted. It can be seen that these two 
parts share a relationship with the cover gear lever knob and the socket gaiter 
gearshift lever. Therefore they have two 1-1 relationships. The similanty 
measurement is provided by an association coefficient. The association coefficient 
created by this research is a variation on the Russell Coefficicnt (Everitt el al. 2001 ), 
and divides the number of 1-1 matches by the total number of parts involved. 
Therefore the association coefficient for the two parts shown in figure 9.6 is 0.4. 
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Figure 9.6, Two elements highlighted within the functional matt-ix. 
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If the matrix involves either recycling or lifetime it could contain three potential 
answers from the part relationship definition, 2 denoting that the materials or lifetimes 
are the same, I indicating that they are similar or 0 if they are different. The inclusion 
of 'similar' means that several more similarities need to be taken into account within 
the association coefficient. This is achieve by counting 1-2,2-1 and 1-1 similarities as 
half the value of the 2-2 similarities. The resulting association coefficients are then 
placed in their corresponding position in a part relationship matrix. The results of the 
part relationship characterisation for three recovery factor matrices in the example are 
shown in figure 9-7. 
The values within the part relationship matrices created are then multiplied by a 
relative factor importance (rf) value for the recovery factor they each represent. This 
allows the user importance rating for each factor provided during the recovery factor 
definition to be taken into account within the single DSM created by this activity. The 
ry values are generated by setting the factor rated as the most important to 1 and 
making all other factor relative to this value. For example, in the lever knob assembly, 
the three recovery factors were given a rating of 4 for function, I for recycling and I 
for lifetime. Hence, the corresponding ry values were expressed relative to a functional 
value of 1, and were both 0.25. 
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Figure 9.7, The part relationship matrices 
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The corresponding values in every part relationship matrix are then added together to 
create a single DSM. This process is shown in figure 9.8 
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Figure 9.8, The creation of a single Design Structure Matrix. 
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9.3.4 The Consiruclion ofthe Redesign Layout 
This activity reconfigures the single DSM, as described in the previous section, based 
on the part interactions until an optimal layout is found. This reconfiguration process 
reorders the parts within the DSM so that parts with strong interactions are placed 
next to one another. This assists the creation of modules, as parts that are likely to 
forin them are brought closer together. The flow chart f'or this activity is shown in 
Ii gure 9.9. 
Fo r parts 1 to n Single DSM Single Linkage Tree Algorithm (For parts 1 to n 
excluding part x and selected parts) 
Part x 
Determine the n parts Pa X Determine the part 
ýselectedpart, 
Set selected 
number of parts in ip- 
Determine the name with the strongest 
the assembly of 
the part part as part x interaction with part x 
I CL 
Part x selected as 
seed part for new W. 
Selected part added 
layout tolayout 
Layout score 
I calculated by adding 
interactions 
Best layout score 
selected 
DSM reconfigured 
to best layout 
Figure 9.9, The construction ol'a redesign layout 
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This reconfiguration process is achieved by using a clustering algorithm to order parts 
by the strength of their interactions. Some clustering algorithms require a prior 
knowledge of what is required, such as the eventual number of modules needed, and 
are termed 'supervised'. Other algorithms, that require no prior knowledge of the 
outcome are termed 'unsupervised'. An unsupervised method know as a 'Single 
Linkage Tree' (Everitt et al. 2001) has been modified and adopted by this research to 
reconfigure the DSM layout. A Single Linkage Tree generates a new layout from a 
'seed' part and links parts with a high number of interactions to it. 
Once all the parts have been linked, the interactions are added to provide a layout 
score. Each part in the assembly is used as a seed and therefore a number of 
alternative layouts are generated. The layout with the highest score is then selected 
and the DSM is then reconfigured to that layout. Figure 9.10 shows the surround gear 
lever knob as the seed part. From the single DSM created in figure 9.8, this part has 
the greatest number of common interactions with the socket gaiter gearshift lever 
(0.58). The socket gaiter gearshift lever is therefore added to the layout and its 
interactions with the remaining parts are then analyzed. This can be seen in figure 
9.11, where the socket gaiter gearshift lever has the most common interactions with 
the cover gear lever knob (0.5). Therefore, this part is added to the layout, with the 
process repeated until all parts have been included within the layout. 
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Figure 9.10, The surround gear lever knob interactions 
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Figure 9.11, The surround gear lever knob and the socket gaiter gearshift lever 
interactions. 
Table 9.2 shows the five layouts created by this activity for the five parts in tile gear 
lever knob assembly. From this table it is clear that layout 2, xvith the gear symbol 
lever gearshil't as its seed part, has the highest number of' interactions and thcref'Ore the 
single DSM is reconfigured to this layOLIt, as shown in ligure 9.1 22. 
Layoutl Layout2 Layout3 Layout4 Layout5 
Cover gear lever Gear symbol lever Surround ocar Socket oaitcr Knob ocarshift 
knob gears hift lever knob gearshift lever lever 
Surround gear Surround gear Socket gaiter Surround , ear Surround gear 
lever knob lever knob gearshift lever t, lever knob 0 lever knob 
Socket gaiter Socket gaiter Cover gear lever Cover oear lever Socket -aiter 
gearshift lever gearshift lever knob knob gearshilt lever 
Knob gearshil't Cover gear lever Knob oearshift Knob gearshift Cover gear lever 
lever knob lever lever knob 
Gear symbol Knob gearshift Gear symbol Gear symbol lever Gear symbol lever 
lever gearshift lever lever gearshift gearshift gearshift 
Score = 1.6 Score = 2.025 Score = 1.575 Score = 1.575 Score = 1.9 
Table 9.2, The single linkage tree scores 
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Figure 9.12, The reconfigured single DSM 
9.3.5 The Creation ofModules within Layouts 
This activity breaks the reconfigured matrix into modules of parts. This is achieved by 
determining the most important recovery factor, identifying modules based on that 
factor and then combining those modules into a number of module layouts. This 
activity is shown in the flow chart in figure 9.13. It begins with the reconfiguration of 
all recovery factor matrices to the layout of the reconfigured DSM. The aim of the 
activity is to create modules based on the most important recovery factor defined. 
Therefore, the reconflgured recovery factor matrix with the highest relative factor 
importance value (rf) is selected. The activity then begins a module generation process 
by looping through each of the parts within the assembly to discover whether they 
share relationships based on the most important recovery factor. If they do have a 
relationship they are then joined in a module. For example, function was identified as 
the recovery factor with the highest relative factor importance value in section 9.3.3 
for the gear lever knob assembly. The reconfigured function matrix is shown in figure 
9.14, with the relationships between the first two parts highlighted (the gear symbol 
lever gearshift and the surround gear lever knob). This highlighted area shows that 
these two parts have a functional relationship and therefore can be joined in a module. 
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Figure 9.13, The creation of a module layout 
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Figure 9.14, The reconfigured function matrix and module 1. 
The module generation then compares the next pails (the surround gear lever knob 
and the socket gaiter gearshift lever) and repeats the process. As these parts have a 
relationship (as shown in ligure 9.14) the socket gaiter gearshift lever is also absorbed 
into the module. The following parts (the socket gaiter gearshift lever and tile cover 
gear lever knob) have no relationship and therefore tile module ends at the socket 
gaiter gearshift lever. 
Once a module has been created, a measure is taken of the IlUmber of internal 
interactions and the maximum number of interactions which exist within It. This 
allows the modules to be compared and the best combination selected. The internal 
interactions are the number of interactions within a module, whilst the number of' 
maximum interactions is the most number of interactions possible within the module. 
For the example shown in figure 9.14, the module created has 7 internal interactions 
out of a maximum of 9 within the function matrix. It' a module contains the same 
number of internal interactions and maximurn interaction, it is perfectly modular. 
Therefore, the number of interactions provides a useful measure ofniodUlarity and is 
counted for each recovery factor. The module generation process then begins again 
with another part until all potential modules have been defined. 
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Once all potential modules have been generated, they are combined to create a 
number of modular layouts. For example, three potential modules have been identified 
for the gear lever knob assembly by the module generation. The parts within these 
modules arc listed below: 
e Module 1- Gear symbol lever gearshift, Surround gear lever knob, Socket 
gaiter gearshift lever. 
9 Module 2- Surround gear lever knob, Socket gaiter gearshift lever. 
9 Module 3- Cover gear lever knob, Knob gearshift lever. 
Modules I and 2 contain the same parts and therefore only two module layouts can be 
created, the first combining module I and module 3 and the second combining 
module 2 and module 3. The most appropriate combination is then selected in line 
with Ulrich's (1995) definition of a modular architecture. This states that a module 
should contain a one to one mapping of internal interactions and a decoupling of 
external interactions. The importance of these interactions are rated by the user during 
the recovery factor definition described in section 9.3.1. This research has created an 
equation that uses these ratings alongside the interaction data collected during the 
module generation process to provide a modularity score This shown in 
equation 9.1. 
, 
score = 
mod Xintemal +( 
Imod )Xexternal 
Equation 9.1 
(( 
mod max 
) 
total 
Where 
The internal interaction importance rating (section 9.3.1) 
The external interaction importance rating (section 9.3.1) 
The number of interactions within the modules in all recovery factors 
The total number of interactions in all recovery factors 
I,, d ax = The maximum number of 
interactions within the modules in all recovery 
factors 
The module layout with the highest I,,,, is then selected as the optimal modular 
configuration of the assembly. 
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9.3.6 The Identification ofRecommendations 
Once the optimum configuration of modules within the assembly is known, any 
deficiencies within each module can be identified. To achieve this, a measurement of 
the internal interactions is taken within each module for each of the reconfigured 
recovery factor matrix. This provides a rating of how integrated each module is in 
terms of each of the recovery factors identified. This research has developed an 
equation which takes the number of internal interactions within a module and 
compares it with the maximum number of interactions possible to provide a module 
rating (M,,, jjg). This is shown in equation 9.2. 
Mrating mod 
mod max 
Equation 9.2 
Where: 
Imod = The number of interactions or relationships within the module. 
Im, d .... .= The maximum number of 
interactions or relationships possible within the 
module. 
If the module rating is below I the interactions between certain parts within the 
module are not optimal for that recovery factor. Tberefore the relevant factors and 
parts that prevent this optimisation can be identified and brought to the users attention 
during the data presentation activity which follows. 
9.4 The Modular Design Improvement Software Tool 
A software version of the MDI model has been designed and implemented by this 
research to attempt to support the complex activities described in the previous section. 
Excel was chosen as the software platform as its tabular form allowed for the 
visualisation of the matrices created by the model. Figure 9.15 shows a screenshot of 
the factor definition screen is the opening page of the MDI software tool. 
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Figure 9.15, The recovery factor definition screen 
The user can enter any value into any of the six recovery factor categories therefore 
providing a weight of importance to each. The same process is used for the modularity 
importance definition which allows user specified weighting to be added to either 
internal or external module interactions. The user can then chose to either begin the 
Modular Design Improvement tool from scratch or use existing matrices which have 
been stored within the tool by a previous user. If the tool is started from scratch the 
user will be asked for the number of parts within the assembly. They are then 
prompted for the name of each part. This allows the easy identification of parts within 
the assembly throughout the tools use and is shown in figure 9.16. 
Part Data I nt ry 
How many parts are in the 
assembly being analysed? 7711 
Pkme Enter the niane of part 1 
7Ej 
- 
CorroMe 
I 
Figure 9.16, Number of parts (top) and the part name entry (bottom). 
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Once all of the part names have been submitted, the user must define the part 
relationship between them, as described in section 9.3.2. A number of questions 
appear on a prompt relating to each of the recovery factors defined by the user, as 
shown in figure 9.17. The user must then define the part relationships to the best of 
their knowledge. Once all of the part relationship data has been entered, the software 
tool reconfigures the DSM and generates and assesses the modules within it. The 
results of this process are then displayed for the user. A screenshot of this results page 
is shown in figure 9.18. 
The reconfigured matrix of the most important recovery factor is displayed, with the 
created modules highlighted in different colours. These colours provide a reference to 
comments made on how each module can be improved, the number of external 
interactions and its module score. If this score is below 100% statements are displayed 
informing the user of how the module score can be improved. For the example two 
modules have been created, one combining the surround gear lever knob and socket 
gaiter gearshift lever, and the other involving the cover gear lever knob and the knob 
gearshift lever. 
What is the relationship between 
III 
M-A 
a 
Are they... 
Functionaly Dependant I'ý Functionaly InclependarA 
Are their rnbterials... 
C Thesame "W Different 
Are their lifecycles... 
Vvy Similar skrjar DfferenA 
Con*ete 
Do they both contain problem materials 
Yes No 
Can the kinctional depandancy oF these parts be reused 
yes No 
Do these parts already exist within the same module 
, ý- Yes (i No 
Figure 9.17, The relationships between parts. 
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Figure 9.18, The results of the NIDI tool for the gear lever knob assembly 
9.5 Summary 
This chapter has presented the Modular Design Improvement model which attempts to 
group parts based on their end-of-life characteristics. This Is achieved by combining 
end-of-life data provided by the Vehicle Design Assessment model described in 
chapter 7 and the Post Fragmentation Material Analysis Model described in chapter 8 
with the functional knowledge of the designer and engineer, to provide results which 
influence the architecture of vehicle assemblies at a high level. This process is not 
intended to provide an exact redesign alternative or to replace existing methods, but to 
brainstorm potentially simple changes to vehicle architecture without impacting on 
product function. By merging designer knowledge with pre and post fragmentation 
data at a high level, low level design methods such as Design for Disassembly can 
also increase their influence ensuring that all end-of-life design effort is directly 
relevant to vehicle recovery. 
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unapter 10 
Case Studies 
10.1 Introduction 
This chapter utilises a number of case studies to demonstrate the application of the 
Design for End-of-Life Vehicles (DELV) framework described in the previous four 
chapters. The chapter begins by illustrating the structure of the case studies as well as 
describing the data required to conduct them. The following sections study the 
implications of this data on the three models within the DELV framework in the form 
of three case studies. Therefore, a case study is conducted on the Vehicle Design 
Assessment (VDA) model, the Post Fragmentation Materials Analysis (PFMA) model 
and the Modular Design Improvement (MDI) model. The chapter concludes by 
surnmarising the results produced by the three case studies and recommends vehicle 
design improvements accordingly. 
10.2 Data Required for the DELV Framework Case Studies 
The DELV software designed and implemented by this research provides a 
framework by which the economic recovery of a vehicle at the end of its life can be 
analysed and assessed prior to its detailed design. To successfully demonstrate the 
application of the framework in this role, several case studies have been devised 
which employ data supplied from manufacturers and relevant literature. Figure 10.1 
shows the use of this data through the three models within the DELV framework. This 
data flows from three sources, which consist of a vehicle teardown provided by a 
manufacturer, related information collected from literature and data generated by the 
author based on these two industrial and academic sources. This data collection and 
generation is defined in the following sections. 
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Figure 10.1, The DELV framework case study 
10.2.1 Manufacturer X Vehicle Teardown Data 
A manufacturer, who has supported the research throughout but wishes to remain 
anonymous and is therefore referred to as manufacturer X in this chapter, has 
provided this research with a vehicle teardown, containing disassembly times and 
material weights for all parts that were dismantled during a vehicle's teardown. The 
data was applied during the VDA model case study and was also used to generate 
Material Split Ratios (MSRs) for the PFMA model case study. 
10.2.2 Data Extractedfrom Literature 
A number of literature sources were utilised to provide important background 
information for the case studies. A breakdown of the material content of an average 
vehicle was provided by Hopper et aL (2001). Statistics originating from four 
academic studies (Iuga et aL 2001, WERG 2002, Ambrose et aL 2002, Zolezzi et aL 
2004 and Weatherhead and Hulse 2005) were employed to indicate the separation of 
141 
Chapter 10 
materials through air classification, magnetic separation and size classification. 
Material property data on all of the materials considered within the case studies was 
also collated from various sources, including Matweb (2007), to indicate the reaction 
of these materials to many of the post fragmentation processes where detailed data did 
not exist. This included density for density separation and size classification, and 
conductivity for eddy current separation. 
10.2.3 Data Generated by the Author 
A data generation process was conducted by the author to provide data that was not 
available in the public domain, either because of the confidential nature of the data or 
lack of previous research. This included the creation of a detailed material breakdown 
of a generic vehicle. This could not be provided by the teardown vehicle because it 
did not include much of the ferrous and non ferrous metal contained within the 
vehicle. 
MSRs were generated to indicate the amount of each material within the 'pass' and 
'fail' output fractions created by each post fragmentation process. Unfortunately, as 
no detailed studies were available that characterise these output fractions for many 
post fragmentation separation processes, the MSRs were generated from material 
property and characteristic data and post fragmentation processing statistics provided 
by literature. A dismantling study was also conducted at a local ATF (Albert Looms, 
Derby) on the assembly identified by the VDA model to provide some insight into its 
parts, material content, functional requirement and expected lifetime. This 
information formed the basis of the part relationships that were required by the MDI 
model. Information on these relationships could not be formed from other data 
sources, such as the vehicle teardown provided by manufacturer X, and therefore this 
study was necessary to generate those part relationships. 
10.3 The DELV Framework Case Studies 
The DELV framework case studies employed the data detailed in the previous section 
to provide results from the three models within the framework, which are discussed in 
the following sections which detail the results from these case studies. 
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10.3.1 The Vehicle Design Assessment Model Case Study Results 
Teardown data provided by manufacturer X was used in conjunction with the 
software created and presented in chapter 7 to show the application of the VDA 
model. This model is split into two assessments, as shown in figure 10.2. The 
disassembly assessment analyses the assemblies within the teardown in terms of four 
measurement ratios, these being a time ratio (rd a material ratio (r,, d, a part ratio (r, ) 
and a combined ratio (r, ), and allows weight restrictions to be placed on the 
assemblies considered. As stated in chapter 7, these ratios allow the model to 
highlight assemblies within the vehicle that are inefficient in removal time, material 
use, part use, or a combination of all three, and therefore prioritize which assemblies 
require the most attention. The material composition assessment uses the material data 
within the vehicle teardown to provide a breakdown of the vehicles material content. 
The results gained from these assessments are discussed in the following sub sections. 
The Vehicle Design Assessment Model 
Keys 
Design for 
Modular 
Disassembly Assessment 
Disassembly Assessment of vehicle teardown 
disassembly attributes 
Design for * 
Shredding - --- -- - Selection by user of assembly for 
further investigation 
Selection by user of assembly for 
analysis or redesign 
Modular Design 
Improvement 
I 
Material Composition Assessment 
ssessment of vehicle tea rdown 
material attributes 
Selection by user of material data for 
analysis 
Post Fragmentation 
Material Analysis 
I 
Figure 10.2, The Vehicle Design Assessment (VDA) 
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10.3.1.1 The Disassembly Assessmew 
The teardown provided to this research contained 1952 parts and 344 assemblies. To 
demonstrate the effectiveness of' the disassembly assessment, three measurcillellts 
were taken, using the combined ratio outlined in chapter 7, applying three weight 
restrictions. Therefore, the top ten assemblies with the IOWeSt COMbiIICd ratio VaILICS 
were collected when no weight restriction was applied, when aI kg and abovc weight 
restriction was applied and when a 5kg and above weight restriction was applied. The 
results when no weight restriction was applied are shown in table 10.1. 
Included in table 10.1 are the material, part and time ratios that merge to creatc flic 
combined ratio. None of the parts in this table weighted more than 44 grarns and 
therefore they would not provide any recycling value it' they were removed during 
disassembly. These assemblies have been selected by the VDA software primarily 
because they are very light and not because they have any major problem Nkith 
disassembly, number of parts or number of materials. I lowever table 10.1 does 
indicate that many of the most complex small assemblies do exist in the interior ofthe 
vehicle. For example, live of the top ten are seats assemblies, whilst only two are 
exterior assemblies. The worst assemblies in the lkg weight restriction were also 
close to the weight limit, with none of the top ten worst assemblies shown in table 
10.2 weighting more than 2kg. These assemblies were again dominated by interior 
parts, with five dashboard assemblies and two seat assemblies. 
Vehicle area Assembly r, rp rm rc 
Interior Windscreen Rain Sensor Assembly 0.41 11.00 14.67 0.14 - 
Seats Gear Motor Adjustment Seat Assembly 0.72 7.67 7.67 0.14 
Seats Cog Wheel Motor YIci,,,, ht Adjustment Seat Assembly 0.69 8.33 8.3 0.14 
Dashboarý- Switch Multi-Function Display Assembly 0.74 7.75 7.75 0.14 
Seats Cog Wheel Ileiýht Adjustment Seat Assembly 0.68 8.67 8.67 0.14 
Seats Gear Motor Aqjustrnent Seat Assembly 0.75 8.00 8.00 0.15 
Dash )oard Immobiliser Assembly 0.84 7.00 7.00 0.15 
Exterior Turn Indicator Liýht Fender Assembly 1.00 6.67 6.67 0.16 
Seats Cog Wheel Motor Adjustment Back Rest Assembly 0.86 8.00 12.00 0.17 
Fxterior Turn Indicator Light Fender Assembly 1.05 6.67 6.67 0.17 
Table 10.1, The top ten worst combined ratio assemblies with no weight restriction. 
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Vehicle area Assembly r, r. r., 
Dashboard Display Navigation System Assembly 2.24 55.21 1 16.56 
Dashboard Centre Console Upper Section Assembly 2.64 68.74 76.82 
Seats Head Rest Assembly 2.54 116.33 I 16.33 
Seats Head Rest Assembly 2.58 116.00 _ 116.00 
Dashboard Instrument Cluster Assembly 3.41 100.21 140-30 
Dashboard Plenum Chamber A/C Assembly 5.20 76.48 114.71 
Doors and Glazing Central Locking/Door Handle Outer Assembly 3.14 119.85 141.64 
Dashboard Steering Wheel Assembly 4.00 137.67 91 78 
Exterior Duel I leadlamp Assembly 6.25 93.14 108.67 
Exterior Duel Headlamp Assembly 6.20 92.95 114.82 
Table 10.2, The top ten worst assemblies with aI kg weight restriction. 
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Assemblies containing complex electrical equipment, such as the display navie"Ition 
system assembly and the centre console upper section assembly, appear high on tile 
list. These assemblies are included because they contal II a relatively large varictv ot 
parts and materials for their weight. However, tile headrest assemblies are the 
opposite with a low variety of parts and materials in comparison with tile other 
assemblies in the list. They are included because their disassembly times arc relatively 
long for an assembly of their weight. Further examination ofthe assembly within tile 
vehicle teardown reveals that the removal ofthe pad, core and frame arc tile largest 
contributors to this removal time. These are parts that are adhered to one another and 
therelore this attachment method may contribute to the high disassembly time. The 
inclusion of assemblies that are inefficient in part and material use alongside those 
that are inefficient in disassembly time demonstrates that the identification ot, 
assemblies using the combine ratio has no particular bias towards any one of these 
issues. 
The top ten worst assemblies when a 5kg minimum weight limit was applied are 
shown in table 10.3. This table is again dominated by seat and dashboard assemblies. 
However, unlike the previous two results, these assemblies were not close to the 
weight restriction provided. In this case, the top two assemblies (the passenger seat 
assembly and the drivers seat assembly) were more than twice the %\, eight of the 
restriction applied. This indicates that these results are less about the weight of tile 
assemblies involved, and more about their inefliciency in disassembly, and part and 
material use. 
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Vehicle area Assembly r, 
Seats 11assenger Scat Assembly 3.15 141 
_ Seats _ Driver Seat Assembly 3.18 1.1ý 
Das iboard Heater Blower and A/C Unit Assembly 2.30 -, I ", 
Exterior Bumper Front Assembly 9.72 IsC 
Seats Rear Seat Back Rest Assembly 4.04 253 
Dashboard Heater/A/C Assembly 17.21 205 
Das lboard Instrument Panel Assembly 6.48 21-1 
Das iboard Steering Column Assembly 12.41 27-/ 
Exterior Burnper Rear Assembly 22.33) 33)s 
Interior _ Wiring Loorn Interior Assembly 1.90-- 0 S. 1 
AO -179.85 2.31 
A1 . 171). 2.34 
. 
80 39 ). ()-) 2.3 () 
. 66 
317.96 2 
.81 
. 
5.4 676.11 - 3.50 
. 
26 M7.89 1.77 
826.31 3.97 
693.50 . 1.60 
A7 5.26 
. 
76 12s(). ()() 6.77 
Table 10.3, 'Fhe 'rop 10 combined ratio assemblies with a 5kg weight rest 1-1 ct 
There is also an exterior assembly in the top for the first time (the bumper frollt 
assernbly). This confirms that when larger assemblies arc targeted, cxtcnial as well as 
internal parts are shown to be inefficient. The rcSLlltS ShO\%'I1 In tables 10.1,10.2 and 
10.3 demonstrate that assemblies within the dashboard and seats are highly 
inefficient. The lack of light weight assemblies within the 5kg minlinulli welght 
category also indicates that this weight restriction was tile most SLICCCSSt'Lli. ThCrC1'Ol'C, 
a seat assembly was selected as the identified part froin the VDA model. Both tile 
driver seat assembly and the passenger seat asscrnblv were identified under the 5kg 
rnimmum weight restriction, and also contain some oftlic assemblies shown ill tabIcs 
10.1 and 10.2. The detailed disassembly analysis of the driver seat assembly that is 
provided by the VDA software is shown ill figUre 10.3. 
The driver seat assembly within the vehicle teardown contains 99 parts within 19 
assemblies, and is composed of 33% Thermoplastic, 25% Thermoset (niostiv 
polyurethane), 24% other materials (mostly electronics and fabrics). II 0/ý, terrous 
metal and 7% non ferrous metal. The bar chart in figure 10.3 shows the weight of 
each of these material types that remains in the assembly at each disassembly step. 
The graph provides the dismantling rate as these parts arc removed during tile 
disassembly process. The pie chart illustrates the material content of' tile Intact 
assembly. 
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The initial dismantling process provides low dismantling rates as large assemblies are 
removed for further disassembly. The rate then spikes during the removal of the 
ferrous metal head rest frame, and again when the large thermoplastic rear pocket is 
disassembled. Once the pad back rest is removed the rate plateaus at between 3 and 
3.5 grams per second for the rest of the dismantling process. Beyond the removal of 
the pad back rest, four other large parts are removed that have minimal impact on the 
dismantling rate. These include the pad seat cushion which is composed of 
polyurethane foam, and the motor seat tilt and motor back rest adjustment which are 
electronic parts. This is a clear indication that despite their weight, these parts do not 
impact on the dismantling rate and are therefore inefficiently disassembled. 
A good disassembly process can be represented by early peaks in disassembly rate 
alongside large reductions in material weights. These peaks imply that the removal 
time is quick and that a large amount of material is recovered, therefore providing 
potentially high returns at a low dismantling cost. In the case of the driver's seat 
assembly, parts that provide large dismantling rate peaks such as the frame head rest, 
the rear pocket and the pad back rest should be removed earlier, whilst large parts that 
do not increase the rate, such as the pad seat cushion, should have their disassembly 
time reduced. There was no indication from the driver seat assembly structure that any 
potential changes to improve these factors would negatively influence the 
functionality of the seat, and therefore this assembly was identified for use in both the 
PIMA model case study and the MDI model case study. 
10.3.1.2 Material Composition Assessment 
The material composition assessment identified 52 materials within the vehicle 
teardown weighting a total of 85 1 kg. These materials were split into six material type 
categories and the resulting material composition is shown in the pie chart in figure 
10.4. This shows that the combined metallic content of the teardown vehicle is 56%. 
This figure is much lower than an average vehicle and confirms that much of the 
metallic content within the vehicle was not disassembled during the teardown. Over 
90% of the weight of the teardown is composed of 14 core materials. These are shown 
in figure 10.5 and give a good indication of the teardown vehicles individual material 
content. The teardown material composition was used in the PFMA model case study 
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as its content reflects a movement in vehicle design away from metals and towards 
polymers. 
2% 5% 
1 
2 6'j 
1% m Ferrous 
a Non-Ferrous 
m Plastics/Polymers 
Ei Rubber 
a Glass 
[3 Other 
22% 
Figure 10.4, The material composition of the teardown by percentage of weight. 
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Figure 10.5, The top 14 materials within the teardown, by percentage of weight. 
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10.3.2 The Post Fragmentation Material Analysis Case Study Results 
The PFMA model case study employed three input material fractions to generate three 
results. The three input material fractions consisted of the generic vehicle material 
content, the teardown vehicle material content, and the driver seat assembly material 
content. Each input fraction represented different problems associated with post 
fragmentation recovery. The generic vehicle epitomised the material content of many 
of the current vehicles that pass through post fragmentation processing. The tcardown 
vehicle symbolised future vehicle design with an increase in polymers and a reduction 
in ferrous and non ferrous metals. The driver seat assembly was utilised to understand 
how a single assembly within a vehicle can impact on a whole vehicles Post 
fragmentation recovery. 
The three input fractions were placed through a set of post fragmentation processes, 
which are shown in figure 10.6. These include magnetic separation, air classification, 
size classification, eddy current separation and two sets of dense media separation, 
with the first using a medium with a density of 1500k and the second using a 
medium with a density of 3500k g/m 3. The layout of Figure 10.6 is used throughout 
this section to display the results from each of the three input material fractions. The 
name of each fraction created by each of the post fragmentation processes is shown in 
figure 10.6. 
These processes create nine output fractions which receive no further processing. The 
PFMA model identifies whether these fractions will be recycled, incinerated, or sent 
to landfill or hazardous landfill, depending on their material content. The model then 
isolates problem materials within each of these output fractions that prevent greater 
economic recovery. Each of the following three sections outlines the content of these 
output fractions for each of the three input material fractions, and defines the problem 
materials within them. Parts containing these problem materials are then compiled 
into two lists within section 10.3.2.4. These lists identify parts that should be removed 
during disassembly, and parts that should be redesign for disassembly to improve post 
fragmentation value and recovery. 
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Figure 10.6, The order of post fragmentation processes and the fractions created. 
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10.3.2.1 Generic Vehicle Material Content Results 
The resulting fractions of the post fragmentation material analysis for the generic 
vehicle material content are shown in figure 10.7. This figure shows the material 
content of each fraction after every post fragmentation process as a pie chart. These 
pie charts vary in size according to how much of the generic vehicles material content 
they contain. They show the material content of each fraction within seven material 
categories, these being ferrous metal, non-feffous metal, elastomers, thermoplastics, 
thermosets, glass and other. 
These material categories are colour coded to show relationships within each fraction. 
For example, ferrous and non-ferrous metals are red and orange respectively, whilst 
all plastics and elastomers are shades of blue. This aids the visual recognition of 
material types through the processes, as the left side of the figure becomes 
increasingly orange (non-ferrous) and the right side turns increasingly blue (plastics 
and elastomers). Each material fraction has a name relating to the output fractions it 
represents and the percentage of the generic vehicle within the fraction. The nine 
output fractions created by these processes are in boxes. 
Detailed information on each of these output fractions is provided in table 10.4. This 
presents each fraction's name, weight, percentage, destination, improved destination, 
value or cost and its value reduction rate (V,, d,,, jj,, ). The value and cost data provides a 
overview of the potential financial benefits of improving a fraction by changing its 
content. The heavy magnetic fraction was the only fraction to be identified as 
recyclable by the PFMA model. The fraction was found to be 99.58% ferrous metal 
and has been estimated to have a recycling value of E185.68. The costliest fraction 
was the heavy non-magnetic non-conductive fraction, which was dominated by glass 
(28.5% of the fraction), and had a landfill cost of E5.72. All other fractions were 
expected to be sent to landfill and had landfill costs of between 23p and L2.99, with 
the total cost of all landfill fractions coming to E15.43. This provided an estimated 
total recovered value of E170.25 for the whole vehicle. However, this only provides 
an indication of fraction value and does not include logistical, process and labour 
costs. 
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Figure 10.7, The post fragmentation fractions of a generic vehicle. 
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Fraction Percentage Destination Value/Cost 11'reduction 1ýItC 
Fraction Name 
weight (g) of Vehicle (improved Destination) (f) (: E/kg) 
Heavy Magnetic Fraction 755,989 70.98% 
Recycling, as Ferrous 185.68 Metal 
Heavy Non-Mayntic 114,483 10.75% Landfill (incineration) -5.72 0.71 Non-Conductive Fraction 
Heavy Non-Magentic 
Conductive Float 4,577 0.43% Landfill (Recycling) -0.23 3.88 
Fraction 
I leavy Non-Magentic 
Conductive Sink-Float 59,876 5.62% Landfill (Recycling) -2.99 35.85 
Fraction 
Heavy Non-Magentic 
Conductive Sink-Sink 20,098 1.89% Landfill (Rccyclino) - 1.00 0.90 
Fraction 
Light Small Fraction 41,495 3.90% Landfill (Incineration) -2.07 O. S8 
Light Large Magnetic 5,015 0.47% Landfill (Recycling) -0.25 1.08 Fraction 
Light Large Non- 
Magnetic Conductive 6,204 0.58% Landfill (incineration) -0.31 0.23 
Fraction 
Light Large Non- 
Magnetic Non- 57,263 5.38% Landfill (Incineration) -2.86 1.14 
Conductive Fraction 
Table 10.4, The nine output fractions from the PFMA model for a generic vellicle. 
Four of the eight landfill fractions were assigned an improved destination of 
recycling. The light large magnetic fraction contains 0.47% of the generic vehicle and 
is dominated by ferrous metal (65.09% of the I, raction) and Polyurcthane (17.16% of 
the fraction). The arnount of Polyurethane is related to the instances within the 
teardown vehicle where foam and ferrous metal are mixed. To recycle the fraction as 
ferrous metal a reduction in all non ferrous materials is required, such as the 
Polyurethane, Copper (9.35% of the fraction) and Rubber (6.54% ofthe traction) by 
1172g (24% of the fraction). The heavy non-magnetic conductive sink-sink fraction 
consists of a ma . jority 
of ferrous metal (68.44% of the fraction) alongside a variety of 
non-ferrous metals such as copper (18.54% of the I, raction) and alumMIL1111 (11.7 1% of' 
the fraction). The PFMA model identified the recycling ot' its ferrous content as the 
most viable improvement for this fraction by reducing all impurities by 5.5kg (27% of 
the fraction), but this provides an improvernent in recovery value of only 90p/kg. 
However, this fraction would benefit more from an additional magnetic separation 
process to purify its ferrous content. 
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The final two potentially recyclable fractions show similarities, as both contain a high 
aluminium. content. The heavy non-magnetic conductive float fraction is 67.23% 
aluminiurn and can therefore be recycled if 957g of contaminants are removed (21% 
of the fraction). These contaminants include Electronics (10.59% of the fraction), 
Ferrous metal (6.55% of the fraction) and PVC (5.1% of the fraction). Even though 
this stream is very small at 0.43% of the generic vehicle, the small reduction required 
provides an improvement in recovery value of 3.88EAg. 
The heavy non-magnetic conductive sink-float fraction is highly metallic and is 
dominated by alurniniurn (90.3 1% of the fraction). The main contaminants preventing 
its recycling are materials such as electronics (7.41%) and ferrous metal (0.62%), 
which need to be reduced to below 5% of the fraction. This equates to a 1629g 
reduction and would give the fraction a recycling value of E55.42, providing the best 
improvement in recovery value at 35.85fAg. However, this could be achieved with 
the addition of an eddy current process to create a recyclable aluminium, fraction. 
Incineration is recommended as a potential improvement for the four remaining 
fractions. However, ferrous metal is identified in three of the four fractions as a major 
contaminating material as heavy metals cannot be incinerated. As ferrous metal plays 
such a dominant role in the generic vehicles material content and provides much of its 
post fragmentation recovery value, the identification of it as a problem material is 
impractical. The only landfill fraction that provides real potential for incineration is 
the light large non-magnetic non-conductive fraction which requires an 8% reduction 
in non-incineratable materials such as PVC (4.79% of the fraction) and electronics 
(3.57% of the fraction). This would allow approximately 5% of the original vehicle to 
be incinerated within this fraction. 
In summary, the results from this part of the case study have indicated that from the 
eight non recovered fractions, only three provide a realistic opportunity to be recycled 
or incinerated without the need for additional operations. The problem materials 
identified in these fractions are shown in table 10.5, along with the percentage of the 
generic vehicle that could be recovered should these materials be removed. This table 
shows that if these materials are removed, over 10% of the vehicle could be recovered 
economically through incineration or recycling. 
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IL Fraction Potential destination 
Percentage of 
generic vehicle 
Problem m 
Li,, ht Large Non-Magnetic 
Non-Conductive Fraction -I 
Incineration 5.380/, 0 PVC, Hect 
Light Large Magnetic Fraction Recycling 0.47% POIYUrcthai 
I leavy Non-Magnetic Sink Float 
Fraction 
Recycling 5.62% Ellectronic 
Clillplerlo 
ateriak 
'Ollics 
ic, Copper, Rubber 
Table 10.5, Targeted post fragmentation Fractions xvith problem materials. 
10.3.2.2 Teardown Vehicle Malerial Conlent Residis 
So/ ") than (I C The teardown vehicles material content contained less I'crrous metal /o) 
generic vehicle in the previous section, and as a result several of the output Fractions 
have diftlerent characteristics. This can be seen through the process diagram shown in 
figure 10.8 and the output I, ractions shown in table 10.6, with a drastic reduction III the 
ferrous metal recycled from the heavy magnetic fraction, and a resulting growth In all 
other landfill fractions. This has both positive and negative impacts on fraction value 
and recovery options. The heavy magnetic fraction is reduced to 35.021/1/0 ofthe input 
material fraction and this along with a slight reduction in its purity to 97.66(), i) I-ccluces 
its estimated value to f59.90. 
There is an increase in the light fi-action content, from just over I 0", /o to over 25% of' 
the input material fraction, and therefore there are similar increases in all light 
fractions. Many ofthese contain a similar material breakdo\vn to the generic vehicle 
results, with destinations (landfill) and improved destinations (incineration) staying 
the same. The lack of ferrous content alters many ofthe problem materials identified 
within each of the fractions and in some cases their improved destination. Because the 
ferrous metal in the light large magnetic fraction is reduced from 65.09% to 24.041/1'/o 
of the fraction, it is now seen as a contaminant rather than a potentially recyclable 
material, and therefore incineration rather than recycling is recommended as an 
improved recovery destination. 
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Figure 10.8, The post fragmentation fractions of the teardown vehicle material 
content. 
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Fraction Name 
Fraction Percentage Destination Value/Cos( I Ra C 
weight (g) of Vehicle (improved Destination) (: E) (L/kg) 
i Ica% Magnetic Fraction 297,442 35.020o 
Recyclin" as Ferrous 59.90 Metal 
Heavy Non-Magentic 
Non-Conductive Fraction 
180,381 21.23% Landfill (Incineration) -9.02 0.77 
Heavy Non-Magentic 
Conductive Float 9,070 1.07% Landfill (Recycling) -0.45 5.64 
Fraction 
Heavy Non-Magentic 
Conductive Sink-Float 124,875 14.70% Landfill (Recycling) -6.42 86.12 
Fraction 
Heavy Non-Magcntic 
Conductive Sink-Sink 18,724 2.20% Landfill (incineration) -0.94 0.36 
Fraction 
rLight 
Small Fraction 82,484 9.17% Landfill (Incineration) -4.12 
- -0-. 
93 
Light Large Magnetic 5,150 0.61% Landfill (Incineration) -0.26 0.46 Fraction 
Light Large Non- 
Magnetic Conductive 12,525 1.47% Landfill (Incineration) -0.63 0.26 
Fraction 
Light Large Non- 
Magnetic Non- 118,812 13.99% Landfill (Incineration) -5.94 1.42 
Conductive Fraction 
Table 10.6, The nine output fractions from the PFMA model for a gencric vchic1c. 
The sarne situation is seen in the heavy non-magnetic conductive sink-sink I'mclion, 
where the ferrous content is reduced 1rom 68.44% to 28.22%. In this fraction the 
dominant mix of' non Ilerrous metals prevents it from being recommended 
improvement through recycling, and therefore a redLICtIOll of 30% in non- 
incineratables such as ferrous metal is required to incinerate it. 
The lack of ferrous metal in several of' the other fractions increases their potential to 
be recovered through incineration. Whilst the generic vehicle would have required 
additional magnetic separation processes to reduce the tlerrous content "vithin these 
fractions to an acceptable level, these levels are already acceptable In some of tile 
teardown fractions. These include the light small fraction, the light large non- 
magnetic non-conductive fraction and the heav. v non-niagnetic non-conductivc 
fraction. This therefore places more importance on reducing other non-Incincratable 
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materials such as electronics and PVC within these fractions. The potential 
recyclability of the heavy non-magnetic conductive float fraction and the heavy non 
magnetic conductive sink float fraction has increased with a rise in their aluminium 
content of 4.78% and 2.29% respectively. This also reduces the material reduction 
required in each fraction, although the problem materials identified remain the same 
(PVC, Rubber and Electronics). 
In summary, the results from this part of the case study indicate that an increase in 
polymers and a decrease in ferrous metal within the input materials reduces the 
amount of material that can be recovered through current post fragmentation 
processing. A reduction in the weight and value of the heavy magnetic fraction has 
been discovered, along with changes to the potential destinations of many of the other 
fractions created. However, many of the problem materials identified by these results 
are the same as the generic vehicle and only differ in weight. This indicates that 
despite the change in material content between the generic vehicle and the teardown 
vehicle, many of the recovery problems still remain the same. 
10.3.2.3 Teardown Seat Assembly Results 
The material content of the teardown's driver seat assembly gives an indication of 
how this assembly may contribute to problem materials encountered in the previous 
two sections. The PFMA results from the driver seat assembly are shown in figure 
10.10. The two largest fractions created by the seat's materials are the heavy non- 
magnetic non-conductive fraction (25.56% of the seat) and the light non-magnetic non 
conductive fraction (32.21% of the seat). The first is heavy in both electronics 
(16.19% or 508g of the fraction) and PVC (17.05% or 534g of the fraction). The PVC 
content contributes 3% towards the total PVC content of the fraction for the teardown 
vehicle and 6% for the generic vehicle, whilst the electronic content contributes 7% 
and 13% respectively. Therefore the removal of these materials through material 
substitution, re-design or pre fragmentation disassembly could contribute to the 
recovery of this fraction. 
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Figure 10.9, The post fragmentation fractions of the drivers seat assembly. 
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The light large non-magnetic non-conductive fraction is dominated by polyurethane 
(57.3% of the fraction), and contributes to 12% of the electronic content of the generic 
vehicles fraction and 6% of its PVC content. Approximately the same contribution is 
reflected in all of the fractions requiring the removal of these materials. Polyurethane 
and copper were identified as problem materials for the generic vehicle in the light 
large magnetic fraction and the driver's seat contributes 13% and 4% to that fraction 
respectively. Most importantly, these contributions show that, although the removal of 
this assembly will not change the destination of a fraction, it could have an important 
impact on the removal of several problem materials such as polyurethane. 
10.3.2.4 Problem Material Part Selection 
From the previous three studies, six problem materials were identified due to their 
impact on fraction destination and value. Table 10.7 shows these materials along with 
the percentage reductions and weight reductions required within the input fraction to 
make the three fractions selected in table 10.5 recoverable. The light large non- 
magnetic non-conductive fraction required 98% of the PVC and Electronic content to 
be removed to allow incineration. To achieve this high percentage, the PVC would 
require a combination of material substitution and removal prior to shredding. 
However, the electronic material is included because its content could be un- 
incineratable. Therefore a guarantee must be made that 98% of the electronic content 
is incineratable for this to be achieved. The light large magnetic fraction required a 
large amount of the polyurethane content to be removed (8 1 %), as well as significant 
amounts of both copper (60%) and rubber (60%). 
I Problem Material'ý Percentage removed! "''- Weight (g) 
PVC 98% 24406 
Electronics (non-incineratable) 98% 31070 
PUR 81% 33910 
Rubber 60% 29089 
Copper 60% 11994 
Electronics 30% 9511 
Glass T 50% 11477 
Table 10.7, The material restrictions required for improved post fragmentation 
recovery. 
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256_ 
_ 
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_ 7710 0 
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742 1711 113 0 1 
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Sun visor sliding roof assembly 
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0 
-0 0 
0 
0 
0 
0 
0 
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0 
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0 
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12 
4' 
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PVC was not included as the identification of 98% of the PVC content of a vehicle 
was thought to be impractical. However, PVC was listed in table 10.8 when it was 
present in the assemblies identified. Much of the required polyurethane is contained 
within the vehicle seats, which were identified by the VDA model case study, the 
carpets and the dashboard insulation. Both the seats and carpet are assemblies that 
appear to be on the surface (i. e. directly accessible) but require the removal of other 
parts to dismantle them. Therefore, these assemblies are clear targets for redesign to 
improve accessibility. Much of the insulation polyurethane would require material 
substitution as access to, and manual separation of insulating material is complex 
because of its functional requirement and the adhesives used. Both rubber and glass 
appear in window assemblies which could have accessibility improved. 
By improving access or reducing problem materials within the 12 assemblies and 
parts identified in table 10.8, all of the material restrictions required by table 10.7 
would be achieved (excluding PVC). If the PVC content of the assemblies in table 
10.8 is reduced via material substitution or improved accessibility, only 48% of the 
pVC within the vehicle will be removed before fragmentation. This therefore requires 
the use of material restrictions to limit the use of PVC to 2% of current usage, 
alongside reducing the amount of hazardous materials and heavy metals within 
electronics to 2%. 
10.3.3 The Modular Design Improvement Case Study Results 
The results of the VDA model case study identified a seat assembly as the most 
inefficient assembly within the vehicle in terms of disassembly and material and part 
use. The PMFA model case study also identified the seat assemblies as containing 
large amounts of polyurethane which was highlighted by the model as a problem 
material. Therefore a dismantling case study was conducted on a vehicle seat to 
identify part relationships within the assembly. The results of this activity are shown 
in table 10.9. This displays each part name, their material content, material type, 
lifetime and functional connections. 
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Pa rit Material Material Type Lifetime Functional connections 
S-eatbelt 
Metal Metal Will not wear 
Links the pretcrisioner and cover to the seat 
Pretensioner bolt fraine 
--§-eatbeit 
ABS Then-noplastic Likely to wear Covers tile pretensioner Pretensioner cover 
Seat belt Mixed Mixed Could wear Needs to be connected to the scat franic Pretensioner 
Head restraint rods Metal Metal Will not wear 
Links the head restraint to the scat frimic, 
head restraint tubes and scat back coý ci 
Head restraint PUR Thermoset Could wear 
Needs to be connected to the licad restraint 
cushion rods and cover 
Head restraint Fabric Fabric Likely to wear 
Needs to be connected to the licad restraint 
cover rods and cushion 
Head restraint PP Thermoplastic Likely to wear 
I lolds tile head restraint rods in pos I tion 
tubes with the scat fraine and scat back covcr 
Backrest adjust ABS Thermoplastic Could wear Covers the end ofthe adjust handwhecl 
handwheel cover 
Backrest adjust ABS Thermoplastic Likely to wear 
Colin 
. 
ects to the seat fraine and adjusts its 
handwheel position 
Seat back cover Cardboard Cardboard Could wear Covers tile rear ol'th -C 
scal fi-anic 
C-clips Metal Metal Will not wear 
Secures the Backrest coN cr and cushion to 
the seat frame 
Metal Metal Will not wear 
Secures the Backrest cover and cushion to 
Springs the seat frarne 
Stuck to the Backrest cover and attached to 
Backrest cushion PUR Thernloset Could wear the seat firanic via tlleýý_spr iI 1ý'-,, s 
Stuck to the Backrest Cushion and attached 
Backrest cover i Fabric Fabric Likely to wear to the scat frarne via the C-clips and springs 
I Seat frame Metal Metal Will not wear Provides the base for all cushionsand trim 
Inserted into tile seat fi-anie to secure the 
Cushion inserts PP Thermoplastic Will not wear seat cushion, wire and cover to the scat 
frarne 
Trim clips PI? Thermoplastic Could wear 
Connects tile seat back cover to tile seat 
frarne 
ire i Copper Metal Will not wear 
Links the Cushion inserts to the seat Cushion 
on w Cush and cover to secure the cushion 
Links tile cushion inserts to the scat 
Cushion 0 rings Metal Metal Will not wear cushion, wire and cover to secure the 
cushion 
Stuck to tile seat cushion and attached to the 
Seat cover Fabric Fabric Likely to wear seat frarne via tile O-rings and cushion NN ire 
Stuck to tile scat cover and attached to the 
Seat cushion PUR Thermoset Could wear seat fraine via tile O-ring and cushion w-ire 
Front seat 
ýtrim ABS Thermoplastic Likely to wear Covers the front of the seat tranic 
Seat adjust lever ABS Thermoplastic Likely to wear Covers tile scat adjust pan ofthe scat fraine 
Front seat trim Metal Metal Will not wear 
Connects tile front scat trim to the seat 
frarne 
screws 
Seat adjust lever Metal Metal Will not wear 
Connects the seat adjust lever to the seat 
frarne 
screw 
Table 10.9, The part characteristics identified within a seat assembly. 
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The initial activity within the MDI model is to identify the relevant 'recovery factors' 
and 'part relationships'. These needed to be defined for the MDI model to reconfigure 
the seat assembly. Four recovery factors were selected which were function, 
recycling, problem materials, and lifetime. These factors were then given four 
different ratings to provide four redesign alternatives, each one giving priority to each 
of the recovery factors. 
The results provided by table 10.9 allowed the part relationships to be defined in 
terms of the four recovery factors identified. This data was used to generate these part 
relationships in the following ways: 
9 For the recycling part relationship definition, if the parts shared the same 
material their relationship was set as "the same", if they were made of 
different materials but had the same material type they were set as "similar", 
and if no material relationship was present they were set as "different". 
9 For the lifetime part relationship definition, if the parts shared the same 
estimated lifetime their relationship was set as "very similar", if their 
estimated lifetime were close to one another (such as 'likely to wear' and 
(could wear') they were rated as "similar", and if their was no similarity 
between part lifetimes they were set as "different". 
* For function part relationship definition, if the parts had a stated functional 
connection they were rated as being "functionally dependant", but if there was 
no functional connection present between them, they were set to "functionally 
independent". 
e For problem material part relationship definition, if the parts shared a 
problem material, such as polyurethane their problem material relationship 
was set to "yes", whilst if they didn't it was set to "no". 
The resulting redesign recommendations from the Modular Design Improvement 
model case study are shown in figure 10.10. Four results are shown in red (lifetime), 
blue (function), yellow (recycling) and green (problem materials). These four colours 
form boxes around the parts that are contained within the modules the model has 
produced. 
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For example, the recycling centred MDI model has produced five recommended 
modules. The first contains the seat frame, O-rings, Seat cushion wire, c-clips and 
springs, the second contains the head restraint cushion and cover, the third contains 
the seat belt pretensioner, bolt and cover, the fourth contains the backrest adjust 
handwheel and cover, and finally the fifth contains the seat back cover and head 
restraint tubes. This recycling based modularity has therefore attempted to group as 
many metallic parts together as possible into one module. The other modules have 
been grouped with recommendations made to simplify their material content, such as 
the seat back cover and restraint tubes that could be combined into a single part. 
The lifetime centred MDI suggested some similar modules, as well as the combination 
of the seatback cover, head restraint tubes, head restraint rods and trim clips into one 
single module that could potentially become a single part. This would clearly have 
safety implications with regard to the strength of the head restraint rod, but could 
provide a potential improvement to both disassembly and recycling. When function is 
the most important recovery factor the MDI model splits the main body of the seat 
into two modules, one containing the seat cushion, cover, inserts, wire and O-rings, 
whilst the other contains the seat frame, the backrest cushion, cover, c-clips and 
springs. Many of the other function-centred modules show similarities with those 
already suggested by other redesigns or those that already exist, such as the head 
restraint assembly. 
The modules created by the problem material centred MDI model attempt to combine 
the problem materials identified to reduce disassembly time, and therefore make it 
financially viable to remove them before the vehicle is fragmented. These 
recommendations are radical and would involve combining the covers for the seat, 
backrest and head restraint into one assembly with the cushions held within them in 
another. However, this could provide easy access to the problem materials and focus 
design for disassembly methods used later in the design process to develop attachment 
methods to ensure they can be removed quickly. 
Despite these recommendations, the case study does highlight some areas for 
development. Both the front seat trim and the front seat trim screws are not included 
on any of the recommendations even though they have potential to be combined into a 
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single part. This is because similarities in lifetime and recycling have taken 
precedence over function during the reconfiguration process. However, if the 
functional recovery factor is raised to five times the importance of the other factors, 
the front seat trim is combined into a single module. 
Therefore, the MDI model has three recommendations that could be taken forward in 
any future redesign of the seat assembly. These are surnmated below: 
o Combine the trim clips, seat back cover, head restraint tubes and head restraint 
rods into a single part made from the same material that can be removed 
easily. 
Create two separate modules from the backrest parts and attachments (the 
backrest cushion, the c-clips the springs and the backrest cover) and the scat 
cushion parts and attachments (the seat cushion, the seat cushion wire, the o- 
rings, the cushion inserts and the seat cover) so that both can be easily 
removed from the seat frame, without the need to remove the seat. 
Integrate trim parts such as the backrest handwheel, the seat adjust lever and 
the seat belt pretensioner with their fixings. 
10.4 Case Study Results 
These case studies have provided an overview of the potential capabilities of the 
DELV framework. The VDI model case study drew attention to the dashboard and 
seats as areas that require extensive redesign to improve the economic viability of pre 
fragmentation recovery. The model found the proportion of small assemblies rises in 
these areas, which negatively impacts on recovery from the interior of the vehicle. 
Specific assemblies within the seats and dashboard were highlighted as containing 
large volumes of recoverable material, but high variability in material and part use 
which complicates manual separation. Therefore, a vehicle seat was selected as an 
assembly with a high potential for recovery prior to fragmentation. 
The results from the PFMA model case study reflected many of the problems 
associated with post fragmentation separation and recovery. The output fractions of 
the generic vehicle produced many results that would be expected by end-of-life 
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operators, including a highly ferrous recycled fraction and several non ferrous 
fractions that were close to the purity required for recovery. The application of the 
vehicle teardown materials through the PFMA model has shown that the implications 
of an increase in non metallic material in future vehicles may result in increased 
contamination of fractions and therefore reduced value. Both of these studies 
identified several problem materials within those fractions such as PVC and 
electronics. The assessment of the seat assembly also identified that it could 
contribute to those problem materials, particularly in the case of polyurethane. 
From these results 37 parts and assemblies were selected from the teardown vehicle 
that could help to achieving greater post fragmentation value recovery through 
material substitution, disassembly or redesigned for removal prior to fragmentation. 
The final case study successfully used the MDI model to provide modular solutions to 
these problems. Although this model is highly dependant on user knowledge, the 
resulting modules have scope for implementation within future seat design and could 
improve both pre and post fragmentation recovery though an enhanced architecture. 
In summary, the case studies described in this chapter have effectively demonstrated 
the applicability of the research reported in this thesis. Furthermore, the results from 
these case studies have shown the impact that the utilisation of practical end-of-life 
data and knowledge could have in identifying the many improvements that can be 
made in current vehicle designs to increase end-of-life recovery. 
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leý I- unapter 
Concluding Discussion 
11.1 Introduction 
The discussion provided by this chapter brings together the major issues examined by 
this research and reports on the research contribution provided in this thesis. The 
initial part of the chapter provides an overview of research contributions identified by 
the author. The remaining sections of the chapter bring together many of the points of 
discussion using the structure defined by the research scope in chapter 2. 
11.2 Research Contributions 
The author has identified the following points as the important contributions made by 
this research in the field of end-of-life vehicles: - 
i. The generation of a comprehensive design framework that addresses many of 
the factors that influence end-of-life processing cost and integrates them into 
vehicle design process. 
ii. The utilisation of end-of-life vehicle data in the creation of metrics which 
convey the influence of material and part use on vehicle dismantling. 
iii. The realisation of an approach to modelling the post fragmentation separation 
of a vehicle during the design process. 
iv. The generation of a novel 'Design for Shredding' concept that identifies 
potential contaminants within post fragmentation material streams and places 
a value on their removal. 
V. The establishment of a modular redesign method that can incorporate end-of- 
life factors during the architectural design of a vehicle. 
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11.3 Concluding Discussion 
The following sections in this chapter use the structure of the scope defined in chapter 
2 to outline points of discussion that have arisen from the research undertaken in this 
thesis. 
11.3.1 Investigation ofEnd-of-Life Vehicle Processing 
The economic recovery of end-of-life vehicles is highly susceptible to fluctuations in 
reuse and recycling markets. The End-of-Life Vehicles Directive has introduced 
legislation during a period of growth in the recycling of ferrous metals. This has 
allowed the initial costs of adherence, such as investment in de-pollution equipment, 
to be offset by the rising value of scrap steel. The increased profitability of vehicle 
recovery has also reduced the necessity for vehicle manufacturers to be directly 
involved in the recovery of their own vehicles. This has resulted in the establishment 
of 'zero cost' contracts which allow manufacturers to comply with their legislative 
requirement to provide free take-back, at no direct cost. These contracts end in 2015 
when the higher 95% recovery target begins. With vehicles produced from 2001 
onwards expected to reach the end of their lives in 2015 and beyond, the economic 
recovery of 95% of a vehicle produced today is still of major concern to 
manufacturers. However, because of the current lack of financial support, the 
recovery sector still remains highly dependent on their own profitability to increase 
recovery. Therefore, an economic case must be made to increase recovery through 
dismantling or post fragmentation separation. 
The reuse of disassembled second hand parts is in a terminal decline as new vehicles 
components become increasingly integrated. The recycling of materials after manual 
separation is not seen by end-of-life operators as economically feasible. This is 
because the cost of disassembly is too high and the yield of material recovered is too 
low. This has resulted in an under developed non-metallic recycling market which 
cannot make a financial case for pre fragmentation dismantling. However, the 
creation of a metal assumption rate to aid the assessment of the recovery targets has 
placed emphasis on increased polymer recycling which could provide some economic 
benefit to dismantle. At present both end-of-life operators and manufacturers see post 
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fragmentation separation technologies as the method of achieving the 95% target. 
Therefore, future vehicle design will be highly influential in deciding which of these 
options (i. e. pre fragmentation dismantling or post fragmentation separation) is the 
most economically viable, and how they can be combined to increase value recovery. 
11.3.2 Review of End-of-Lifie Design Methods 
Although Design for Disassembly (Dfl)) and Design for Recycling (DfR) have been 
integrated into the vehicle design process for many years, they have failed to 
significantly increase end-of-life recovery. Dfl) was intended to increased end-of-life 
dismantling through improved attachment methods and accessibility. However, these 
measures have failed to sufficiently improve the economic feasibility of dismantling. 
This is because accessibility cannot be significantly altered though Dfl) as its 
application is limited to individual parts and not the surrounding parts that prevent 
access. Therefore, this process, although theoretically influential in improving 
disassembly times, is economically unviable at end-of-life. DfR has significantly 
improved the amount of recyclable material within modem vehicles. However, many 
of these materials cannot be recycled together and therefore require either manual or 
post fragmentation separation to be recycled. Many new materials such as engineering 
plastics are difficult to separate as they have similar properties that cannot be 
differentiated through automated methods. Therefore, DfR is also more idealistic than 
practical as it concentrates on recyclability rather than the separablility required to 
achieve it. Both of these methods therefore fail to understand and reduce the 
economic ramifications of vehicle recovery, which highlights the need for a new 
design approach that incorporates practical rather than theoretical end-of-life data and 
knowledge for design improvement. 
11.3.3 A Design Frameworkfor Increased End-o ife Vehicle Value Recovery )f-L 
The design of a vehicle is a highly complex process that involves the consideration of 
a range of factors including function, environmental performance, safety and 
manufacturing cost. Because of the multifaceted nature of this process, design for the 
environment techniques specifically aimed at improving end-of-life recovery, have 
become an afterthought. The influence of these techniques over vehicle design is 
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therefore limited as they are introduced late in the design process. Because of these 
limitations they have failed to influence many of the important end-of-life factors that 
impact on recovery revenues. This therefore indicated that a design framework for 
end-of-life vehicles must show more flexibility in its application at high and low 
design levels than existing design for the environment techniques. The framework 
also needed to consider the economics of all end-of-life processing options and the 
factors that affect them. These factors have been identified by this research as part and 
assembly complexity, accessibility during disassembly, and material separability 
during post fragmentation processing. Therefore, the framework produced by this 
research employs three models to assess both the disassembly and the post 
ftagmentation of a vehicle, and support redesign earlier in the design process where 
assembly complexity and accessibility can be effectively reduced and material 
separability can be influenced. This has provided a practical and powerful approach 
that employs end-of-life knowledge during the most influential period of the vehicle 
design process. 
11.3.4 A Vehicle Design Assessment 
During the review of design methods and end-of-life recovery costs, a number of 
factors were identified that were not considered by current design for the environment 
techniques. A Vehicle Design Assessment (VDA) model was generated to work 
alongside many of the existing measures by using practical end-of-life data and 
knowledge. One of the major failings of DfD is that the disassembly of individual 
parts and components is seen as the main driver for dismantling. However, the 
economic viability of dismantling is driven by a number of other factors such as 
access to these parts and their complexity once removed from the vehicle. The VDA 
model has identified that accessibility is dependant on the surrounding vehicle 
architecture and not the individual part's disassembly time. Therefore the model 
provides a measure of disassembly inefficiency at a higher level to identify the 
assemblies that require attention rather than the individual parts. The VDA model also 
identified several factors alongside disassembly which indicate complexity. Large 
material variations and part numbers in low weight assemblies contribute to high 
disassembly costs once the assemblies have been removed from the vehicle. 
Therefore, the disassembly inefficiency measure calculated by the model assesses part 
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and material use as well as disassembly time in assemblies throughout the vehicle. 
This provides high level focus for other techniques such as DfD by using low level 
measures such the disassembly time, weight, and the number of materials used in 
individual parts and assemblies. 
11.3.5 A Post Fragmentation Analyses Model 
Post fragmentation separation and recovery currently deals with over 88% of an end- 
of-life vehicles weight and is seen as the most financially viable method of achieving 
the 2015 recovery targets. These separation processes are highly dependant on the 
material content of the vehicle. However, existing material assessments during the 
design process, such as DfR, focus heavily on recylability but ignore post 
fragmentation separablility. Therefore the Post Fragmentation Material Analysis 
(PFMA) model assesses the separablility of a vehicles material content and identifies 
improvements. The recovery and subsequent value of post fragmentation material 
fractions is highly affected by the variety and weight of contaminants. If the purity of 
a fraction can be improved, its potential to be either recycled or incinerated is greatly 
increased, therefore reducing landfill costs and increasing fraction value and vehicle 
recovery. This provides both an economic and environmental imperative to reduce 
these contaminants before the vehicle is shredded. The PIMA model identifies these 
contaminants, referred to in this research as 'problem materials' and recommends 
their removal either through their inclusion in material restrictions or their removal 
prior to fragmentation. By doing this, the model introduces a novel 'Design for 
Shredding' concept which recognises the factors that prevent post fragmentation 
recovery and recommends potential solutions that provide economic benefits at end- 
of-life. 
11.3.6 A Modular Redesign Methodology 
The architecture of a vehicle has been identified by this research as having a major 
influence on the accessibility of parts and materials. This architecture is deflned 
during the early stages of the design process before any current Dfl) techniques are 
introduced. However, other vehicle attributes such as function and safety are 
established during the design of the vehicles architecture. Therefore, the Modular 
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Design Improvement (MDI) model moves end-of-life factors inline with other vehicle 
attributes to be considered earlier in the design process. Because of this the MDI 
model cannot directly affect dismantling time in the way that DfD does. It achieves 
improvement indirectly by encouraging the grouping of parts based on a specific 
recovery factors. This can range from lifetime to recycling and identifies similarities 
based on these recovery factors within existing parts. By considering the functional 
requirements of the assembly alongside these factors, any grouping of parts is limited 
by the function they provide. This ensures that high level redesign suggestions are 
provided that improve access through modularity whilst ensuring that the function of 
the design is not compromised. 
IL 3.7 A Demonstration of the Application of the Framework 
To demonstrate the application of this research, vehicle data and post fragmentation 
information was gathered and generated to be used in a number of case studies. These 
case studies illustrated the potential value of the results generated by the three models 
within the DELV framework. The results of the VDA model case study have shown 
that interior parts, such as the seat and dashboard, show the greatest complexity. 
These results were in agreement with observations made on end-of-life dismantling 
visits, where very few dashboard and seat parts were removed. This model therefore 
provides the correct focus for future design improvement in end-of-life vehicle 
dismantling. 
The results of the PIMA model case study successfully separated the material 
contents of three varying material inputs (the generic vehicle, the teardown vehicle 
and the seat assembly) into nine output fractions, such as a highly ferrous heavy 
magnetic fraction, and correctly identified many of their potential recycling routes. 
The model has shown that an increase in polymer content could substantially reduce 
the profitability of post fragmentation separation, which relies on the financial 
benefits of the recovery of ferrous and non ferrous metal. It has also identified 
contaminants such as polyurethane, PVC and copper that prevent increased recovery, 
and set specific requirements that must be met by future vehicle design if post 
fragmentation recovery value is to be increased. 
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The MDI model case study provided several redesign alternatives, based on the 
findings of the previous two models, that support increased modularisation of 
recyclable parts and improved access to post fragmentation contaminants. Therefore, 
the case study has demonstrated how the DELV framework can successfully prioritise 
the redesign of assemblies to aid end-of-life dismantling, can identify materials within 
the vehicle that contaminate potentially recoverable waste streams, and influence 
these assemblies and materials at an architectural level. 
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leý I- unapter 12 
Conclusions and Further Work 
12.1 Introduction 
This chapter presents the conclusions gained from this research and suggests several 
areas where further work could be applied, based on the research conveyed in this 
thesis. 
12.2 Conclusions 
The conclusions gained from this research are as follows: - 
The end-of-life recovery of vehicles will always be highly dependent on the 
revenue provided by material markets and the costs of de-pollution, 
disassembly and post fragmentation separation. This research has shown that 
end-of-life operators therefore require an economic incentive as well 
regulatory pressure to increase and improve vehicle recycling and recovery. 
Although 'zero cost' contracts established with vehicle recovery operators 
have absolved manufacturers from taking financial responsibility for achieving 
the initial 85% target, this does not prevent them from direct involvement in 
the vehicle recovery sector in the future. The achievement of the 95% target 
will therefore require investment from manufacturers as well as end-of-life 
operators. 
The impact of 'Design for the Environment' techniques during vehicle design 
has a limited influence on vehicle recovery. This research has proven that the 
inadequate considerations of end-of-life factors and the implementation of 
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methods that are idealistic and theoretical have not improved either 
dismantling or post fragmentation separation. 
iv. The generation of a Design for End-of-Life Vehicles framework by this 
research has successfully integrated the significant factors in economic vehicle 
dismantling and post fragmentation separation into the design process to 
influence the architecture, material content and part design of a new vehicle, 
thus improving the recovery value of end-of-life vehicles. 
V. The potential benefits of the Vehicle Design Assessment model generated by 
this research have been highlighted through the identification of assemblies 
that prevent end-of-life vehicle dismantling. This model offers a concise and 
accurate rating of assembly complexity and accessibility, which provides 
focus for end-of-life design improvements. 
vi. The 'Design for Shredding' concept investigated by this research provides a 
novel approach to influence post fragmentation recovery through design. This 
could significantly increase the financial viability of these processes by the 
removal of identified 'problem materials' which can enhance the purity and 
therefore the value of material fractions. 
vii. The Modular Design Improvement model created as part of this research 
provides a method by which practical end-of-life data and knowledge can 
effectively influence vehicle architecture and encourage reuse and pre 
fragmentation disassembly for material recycling. 
viii. The case studies described in this thesis have effectively demonstrated the 
applicability of the research concepts. The results from these case studies have 
shown the impact that the proposed design framework could have in 
identifying the many improvements which could be made in current vehicle 
design to increase end-of-life value recovery. 
ix. The research reported in this thesis has identified the improvements required 
in pre fragmentation dismantling and post fragmentation separation to achieve 
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the stringent recovery targets of 95% by 2015. However, the author is of the 
opinion that improvement in these processes alone cannot be achieved 
economically without significant design changes. Thus, the active involvement 
of manufacturers in the recovery of their products is seen by this research as of 
paramount importance to the long term sustainability of vehicle recycling. 
12.3 Further Work 
The author acknowledges the following areas for further work as a result of this 
research: - 
12.3.1 Teardown Enhancements 
Much of the data used within the DELV framework generated by this research is 
based on existing information available to manufacturers. The VDA model has placed 
particular emphasis on the use of manufacturer teardown data as a source for 
disassembly times and material and part content. However, vehicle teardown data is 
limited in terms of the exact material content and vehicle structure. Parts included in 
the teardown do not always contain a single material, and therefore an assumption 
was made within the VDA model that a parts weight is split evenly between the 
materials within it. This process is unacceptable for parts like windscreens which do 
not contain an even balance of materials. The level system used with teardown data to 
show the position of parts within the vehicle does not provide the structural 
background necessary to estimate destructive disassembly times. Therefore, a new 
method of creating and recording teardown data is required to improve data 
generation in these two areas and therefore augment the existing VDA model. 
12.3.2 Post Fragmentation Processing Data 
Ile generation of MSRs for the PFMA model requires extensive research on the 
separation of materials using existing and future post fragmentation processes. The 
data generated for the case studies was developed from a number of academic studies 
on material separation. However, these studies were limited to material types and did 
not provide the detail required for direct use within the PFMA model. The collection 
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of this data could be problematic if conducted in normal conditions, as many output 
fractions contain highly fragmented materials which are difficult to identify. The 
experiments required to collect this process data would therefore have to be under 
controlled conditions, where input fractions could be easily controlled. Several 
experiments would have to be conducted to provide worst case, best case and most 
likely case MSRs for use within the PFMA model. 
I 
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Appendix I 
CASE STUDY DATA GENERATION AND RESULTS 
Introduction 
This appendix contains the data generated for the cast studies including the creation of 
a generic vehicle, the development of Material Split Ratios (MSRs) and the seat 
assembly dismantling study. This is followed by the results of the Post Fragmentation 
Material Analysis (PFMA) model case study for a generic vehicle. 
ALI DataGeneration 
A 1.2 PFMA Model Generic Vehicle Case Study Results 
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ALI Data Generation 
A data generation stage in the case study was created to produce a generic \, clilclcs 
material content, to generate MSVs, and to conduct a dismantling study on the 
assembly identified by the VDA model. A description ofthese dtita gcnertition studies 
is given in the following sections. 
The generalion (ýf a generic vehicles material conlent 
A generic vehicles material content was generated by combining avcrage %, ehicIc 
material statistics provided by Hooper el al. (2001) with the niaterial content oftlic 
teardown vehicle which was produced by the VDA model. The average vehicles 
material content after de-pollution is shown in table ALI arld lists tlIC 111,11CI-Ml 
percentages and weights of an average car, weighting 1065kg in six material 
categories. The 52 materials found within the teardown vehicle by tile VDA model 
were split into these six categories. The percentage of each material mthin cach 
material category was then calculated. This provided a measure of how much cach 
material contributed to their material type. The material type percentage provided by 
in table A1.1 was then split by those individual material percentages to provide a 
percentage ofeach matcrial within the average vehicle. 
An example of' this is shown in table Al. 2 with elastomers. F. ach of the seven 
elastomers identified within the vehicle teardown by the VDA model are listed along 
with their weights. The percentage of each materials weight within the elastoiners is 
then calculated. These percentages are then used to estimate the anIOL1111 01' CýICII 
material within the 1.7% of elastorner present in the average vehicle in figure A 1.1. 
Material Percentage of vehicle Weight (kg) 
Fen-ous 73.2% 780 
Non-Ferrous 8.4% 89 
P last ics/Po lymers 11.0% 116 
Elastomers 1.7% 18 
Glass 3.1% 
_ _33) Other 2.6% 29 
Total 100% 1065 
Table Al. 1, Basic vehicle material breakdown based on I looper et al. (2001). 
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Te- rdown weight (g) Percentage of F'stilliated percentage F'stilliated %%vighl %%itllill Material name (after de-pollution. ) material type %%ilhiu average vehicle vehicle 
Fjllclllorollý drill 2 " 743 4.89 ,. 0 08 1001) 88.1 Rubber (CO) . 
Chlorosulphonatcd 73 0.131! o 0 0022(ýo 21 Polýqhvlclle (CSM) 
- 
. 
- FtliN lenc-propylenc- 
dienc monomer 4556 8.11 1) i, 0.13 79" 1,101) 
Acrylonitrile butadiene 112 0.20% 0.0 03 4 (!, "o 36 
rubber (N 13 R) 
Rubber 48482 86.34% 1.46791/b 15633 
Stvrene-butadiene (SB) 6 0.01% 0.0002% 2 
Styrene-butadiene 178 0.32% 0.0054% 57 
rubber (SBR) I I 
Total 
_ 
56149 1 100% 1.7% 1810ý 
Table A1.2, The gcneration ot'a gencric vchicics clastonicr conmit. 
This process was repeated Ior 5 non-ferrous metals, 29 plastics/polymers and 8 other 
inaterials including textiles, cardboard and wood. providing a generic vehicles 
inatcrial contcnt xvith 52 niatcrials (including glass and ICn-ous nictal). 
177e generation ol'Post. fi-agmenialion process A fSRs 
MSRs or Material Split Ratios represcrit the pcrcciitagc ot'a material within an Input 
fraction that passes through a post fragmentation separation process and is separated 
into the 'pass' fraction. Both the generic vchicle material content and tile tcardomi 
vehicle matcrial content contain 52 materials. and therefore 5-1 MSRs were requircd 
for each of the post fragmentation separation processes used within the PFMA model. 
The following sections detail how these MSRs were generated from existing post 
fragmentation processing statistics, vehicle teardown data, the gcneric vchIcIc 
material content developed in the previous section and material property data. 
Air classification 
Based on four studies on the separation ot'post fragmented material (luga ct al. 2001, 
WERG 2002, Ainbrose ei al. 2002, Zolezzi ei al. 2004 and Weatherhead and 1 Itilse 
2005), the generic vehicle material content dex, cloped in the previous scction and data 
from the vehicle teardown, the MSRs for the first post fragmentation process (air 
classitication) were generated. This began by combining the clata froill tile I'Mir 
academic and inclustrial studies to establish the amount of each of tile six niatcrial 
194 
APP(Iffilix I 
categories within the light or 'pass' fraction aftcr air classification. Polyurethane was 
separated from the plastic category as detailed data existed on its separation within the 
four studies. Because air classification is the first post fragincritation process uscd liý 
end-of-life operators, the generic vehicles material content was assunicd to be the 
input fraction. This combined with the light fraction data provided MSRs Cor each 
material category and polyurethane, as shown in table Al. 3. MSRs were then 
generated for each of the materials within each material category by using the material 
category MSRs as an average. The average weight of'parts containing these materials 
within the vehicle teardown was then used to generate a variance for each material 
away From that average and provide a MSR for each material. Air clissification is 
depenclant on the weight of' the materials that enter the process and therellorc the 
average weight of parts containing each material was felt to provide a retIcction of 
this. The generation ofthe MSRs for the elastorner materials is shown in table A 1.4. 
Material 
categories 
Light fraction 
material content 
Percentage of input 
materials in light 
fraction (%) 
Input material 
content ('Yo) 
Material Split 
Ratios (MSRs) 
Ferrous 5.981/6 0.57"o 73.21!,,, 0.77 
Non Ferrous 5.34% 0.50% 8.4% 6.01 
Glass 0% 0% 3.1% 0.00 
Plastic 42.45% 4.01% 9.10% 44.09 
Elastonier 14.15% 1.34% F70% -78.66 
Polyurethane 18.87% 1.78% T 9-0 -. /. 93.83 
Other 13.21% 1.25% -ý-. 60% 48.01 
Total 100% 9.45% 100% 
Table A1.3, The material type split ofmaterials via air classification. 
Material Average weight 
of material in 
teardown (g) 
Distance from 
average weight 
of material (g) 
Estimated MSRs 
for air 
classification 
Weight (g) of 
input fraction in 
pass fraction 
SB 5.50 119.31 99.99 2 
NBR 56.00 68.81 97.32 35 
CSM 72.67 52.14 95.91 ? -) 
EPDM 99.04 25.77 93.68 1 '376 
CO 161.35 -36.54 88.41 782 
SBR 178.00 1 -53.19 87.00 50 
Vu-bber 301.13 1 -176.32_ _ 
76.60 11974 
-1 Total weight in pass fraction 1424 1 Average Weight 124.81 b 
Variance 295.63 Average MSV 78.66 
Table Al. 4, The generation of air classification MSV's for elastomers. 
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Magnetic separation 
Based on the four studies described in the previous section, a similar process was use(] 
to derive the MSRs for magnetic separation. Table Al. 5 shows the basic niatcrMl 
percentages that are in the magnetic (pass) fraction and non-magnctic (fail) fraction 
from these studies. From these figures, copper and fierrous metal MSRs were l'OLIII(l to 
be 34.78 and 97.04 respectively. To generate a figure flor each of' tile other 'non 
t'errous materials' included in tile magnetic fraction, a study of' tile teardown was 
conducted to find how much of each material was bondcd to 1'errous metal within the 
teardown vehicle. This provided an indication as to whethcr the non-ferrous matcrial 
would be separated into the magnetic fraction as a result of' its physical relatioiiship 
with the 1'errous metal. The input fraction was assurned to be the licavy fraction output 
of the air classification process. These weights were combincd with the percentage of 
each non ferrous materials to generate tile 0.06% of the input fractions non lcrrOLIS 
materials. This gave the expected weight of' each material within the 1errous output 
fraction and from these values the MSRs were generated. Tlic top five non ferrous 
materials are shown in table A 1.6. 
Magnetic fraction 
Percentage of average vehicle 
in fraction 
Percentage of input materials in 
fraction 
Ferrous 70.53 77.89___ 
Coppcr Armatui-cs 0.23 0.25 
Non-Fcrrous Material 0.05 0.06 
Non-niaýnetic fraction 
Ferrous 2.11 2.33 
Non-Ferrous 7.65 8.45 
Other 9.98 11.02 
Total 90.55 100.00 
Table Al. 5, The basic content ofthe magnetically separated fractions 
Percentage of the materials Weight (g) of Weight (g) of Non ferrous 
attached to ferrous metals within material in input material in 
Estimated 
material teardown fraction conductive fraction 
MSRs 
Aluminium 45.89 
- 
76613 0.35 
Rubber 27.08 33 659 157 4.28 
PUR 9.34 13 20 54 4.09 
PA 4.99 8382 29 
--- 
0.34 + 
Glass 1.76 3,3 0 12 10 0.03 
Table A1.6, The top 5 MSRs for non ferrous materials in magnetic separation 
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Size classification 
Very few studies exist containing data on the separation of post fragnmitatimi 
materials by size, and particularly on the output fractions created. 'I'lict-cfOrc, the 
MSRs for this process were generated based on material inflormation I, rom tile vehicle 
tearclown and material property data. Several assumptions also had to be inade 
including that: 
0 Size classification splits the input fraction in to two eqUally SJZCCI InC(IIIIIII 111d 
fine fractions (WERG 2002). 
0 Each materials post fragmentation size is based on the average spherical size 
of the material within the original vehicle. 
The total rnass of each material and the number of' parts fliat contain cacli niatcrial 
were collected from the vehicle teardown and an average mass t'()r each matcrial 
calculated. By combining this average mass with the density ofeach material from the 
material property data, an average spherical diameter was IOUnd. All materials were 
then sorted into an order of smallest to largest average spherical diameter, and a 
39mm diameter tbund to create a 50% split in the input fraction. This diameter 
represents the aperture size within the trornmel, with materials with diameters below 
this figure more likely to fall through the apertures, and materials above this figure 
more likely to pass over them. An MSR was then developed for each material based 
on the difflerence between its average spherical diameter and the aperture size. Table 
Al. 7 shows the result of this process for the elastomer materials. 
Distance from 
Average Mass Density Average 
Average 50, VO Estimated 
Material 
within teardown (g) (kg/m 
Volu me (M) 
Spherical Diameter MSRS Diameter (m) 
(39_m in) 
-Vu-bber 301 1522 0.000198 0.036268 
- - - -48.8340-1 " -ý-B-R 178 950 0.000187 0.035617 -0.00 298 
ý)83 
co 161 1525 0.000106 0.029445 
_-0.00916 
45.42229 
EPDM 99 880 0.000113 0.030057 -0.00854 45.72837 
cSm 73 1170 1 0.000062 0.024658 -0.01394 43.02915 
-1ý-B--R 56 930 0.000060 0.024405 -0.0141-9 42.90271 
ý -B 6 950 0.000006 0.011189 -0.02741 36.29466 
Table Al. 7, The generation of size classification MSRs Im clastomer materials 
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Eddy current separation 
The generation of MSRs for eddy current separation was based oil cither the materials 
conductivity or its relationship with conductive materials. Conductivc materials wcre 
given a MSR ranging from 65 to 95 based on their conductivity, With Copper at 95 ZIIILl 
graphite at 65. Non conductive materials were separated based on their relationship 
with conductive materials, similar to tile process used to develop MSRs I'm, non 
t'errous materials in magnetic separation. These materials \,,, ei-c then givcn MSRs 
ranging from 0.01 to 7.24 (1/5 of their percentage) depending on their conductive 
material relationships, with PVC at 7.25 and PMMA at 0.01. The ranges attributcd to 
both the conductive and non conductive materials were assumed as no data existect 
defining the separation of non conductive materials using eddy current separation. 
Dense media separation 
The generation of MSRs for dense media separation was based on each niatcrials 
density as no detailed data existed on the separation ofFIN materials by this method. 
Each materials density was collectcd and then compared to the two densitN' mediums 
used during separation (I 500kg/rn 3 and 3500kg/rn 3 ). For every l0kg/rn-' difference 
between these mcdium densities and the density of each material, I O/o was added or 
subtracted from 50% to create its MSR. For example, PVC was found to have a 
density of 1420k g/M3, the 80kg/rn3 difference from the medium density of 1500kg/rn-' 
equating to a MSR of 58. However, using this method for the medium density of 
3500kg/m 3 found that the vast rnaýjority of MSRs vN, cre over 100. Therefore, arbitrarN, 
limits were placed at 0.0 1 and 99.99. 
The assembly dismanding sludy 
To generate the part relationship data required for the MDI model a inariLit'acturer X 
driver seat assembly was acquired to represent a generic car seat. A dismantling study 
was conducted to assess how many parts the drivers seat assembly contained, and to 
define the relationship between these parts in terms three selected recovery factors, 
namely lifetime, function and recycling. The disassembled drivers seat assembly is 
shown in figure Al. I- This figure displays the driver seat separated into 10 Sub- 
assemblies, parts and attachment. 
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Appendix I 
The sub-assemblies include the head restraint assembly, the backrest cushion 
assembly, the seat cushion assembly, the seat belt pretensioner, and the seat frame 
assembly. These assemblies were not dismantled as destructive disassembly would 
have been required to separate their parts. The materials these assemblies contain 
were therefore identified by visual recognition. For example, the head restraint was 
split into the cover (fabric), the cushion (Polyurethane) and the cushion rods (metal). 
Each of these materials performs a different function in providing a head restraint and 
therefore were identified as parts under the definition provided for the MDI model. 
The attachments included the seat belt pretensioner bolt, the head restraint tubes, the 
trim clips, the c-clips, the spings, the cushion inserts and the cushion wire and o-rings. 
The resulting parts of the drivers seat assembly were then assessed in three categories, 
material and material type, estimated lifetime, and functional connection. This 
information was required to easily identify part relationships during the part design 
assessment of the MDI model. Material types are families of materials that can help 
identify distant material relationships, such as thermosets or thermoplastics. If two 
materials are from the same material family this indicates that the materials are 
tsimilar' in terms of their recycling recovery factor relationship within the MDI 
model. Lifetime was estimated through three classes which were will not wear, could 
wear and likely to wear. 'Will not wear' was attributed to parts that had clearly not 
worn. during the lifetime of the drivers seat assembly such as the seat frarne. 'Could 
wear' was given to parts that are not in direct contact with the driver but can be 
deformed through use. 'likely to wear' was assigned to parts that come into regular 
contact with the driver such as the backrest cover. 
The functional connections between parts were defined by their functional 
requirements. For example, the seat back covers purpose is to cover the rear of the 
seat frame and therefore the only functional connection required to achieve this 
purpose is with the seat frame. Attachments such as screws, springs and c-clips were 
not separated into individual parts as they shared the same material, lifetime and 
function. The resultant material and material types, estimated lifetimes, and functional 
connections for each part is shown in table AIX 
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Part Material Material Type Lifetime Fuiietioiialcoiiiiecti_(_)_iis__ 
Seat belt Links the prctensioner and cover to the scat Metal Metal Will not wear Pretensioner bolt firallic 
ýea t Wbe It ABS Thermoplastic Likely to wear Covers tile prctensioncr Pretensioner cover 
Seat belt Mixed Mixed Could wear Needs to be connected to the seat Iraine Pretcrisioner 
[lead restraint rods Metal Metal Will not wear 
Links tile licad restraint to the seat Iraine, 
_ 
head rcstraint tubes and scat back covcr 
I lead restraint PUR Thermoset 
_________ 
Could wear 
__ Needs to be connected to the head restraint 
cushion rods and c over 
Head restraint Fabric Fabric Likely to wear 
Needs to be connected to the head restraint 
cover rods and cushion 
Fleaý--restraint PP Thermoplastic Likely to wear 
I folds tile licild restraint I-Ods if) position 
tubes witlitlic scatfrarne and scat back cover 
Backrest adjust ABS Therniop last ic Could wear Covers the end ofthe adjust handMiccl handwheel cover 
Backrest adjust A13S Therrilop last ic Likely to wear 
Connects to the scat firanic and adjusts its 
handwheel position 
Seat back cover Cardboard Cardboard Could wear Covers the rear oftlic scat franic 
Securcs tile Backrest cover and cushion to 
C-clips Metal Metal Will not wear the seat frame 
Secures the Backrcst cover and cushion to 
Springs Metal Metal Will not wear the scat firaine 
Stuck to the Backrest cover and attaclicd to 
Backrest cushion PUR Thermoset Could wear the seat fi-anie via the C-clips and I)rings 
Stuck to the Backrest cushion and attachcd 
Backrest cover Fabric Fabric Likely to wear to the seat frame via tile C-clips and sprinýs 
Seat frame Metal Metal Will not wear Provides the base for all cushions and trini_ 
Inserted into the seat frame to secure the 
Cushion inserts PP Thermoplastic Will not wear seat cushion, wire and cover to the scat 
frame 
Connects the scat back cover to tile seat 
Trim clips PP Thermoplastic Could wear firanie 
Links the cushion inserts to tile scat cushion 
cushion wire Copper Metal Will not wcar and cover to secure tile cushion 
Links tile cushion inserts to the seat 
cushion 0 rings Metal Metal Will not wear cushion, wire and cover to secure the 
cushion 
Stuck to tile seat cushion and attached to tile 
Seat cover Fabric Fabric Likely to wear scat fraine via the O-rinos and cushion wire 
Stuck to the seat cover and attached to the 
Seat cushion PUR Thermoset Could wear seat frame via tile O-rinos and cushion wire 
Front seat trim ABS - 
Thermoplastic 
- 
Likely to wear Covers the front ofthe scat firaine 
Seat aqjust lever 
-X BS Theriiioplastic Likely to wear Covers tile scat adjust part oftlic seat firarne 
Front seat trim Metal Metal Will not wear 
Connects the firont scat trim to the seat 
screws frame 
Seat adjust lever Metal Metal Will not wear 
Connects the seat adjust lever to the seat 
screw frame 
Table Al. 8, The material, lifetime and functional connections ofthe drivers seat 
assembly. 
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A1.2 PFMA Model Generic Vehicle Case Study Results 
The following tables and pie charts show the material content of each fraction created 
by the PFMA model when the generic vehicle is placed through it. The material name, 
weight and percentage are shown, depending on the size of the fraction. 
Heavy Eraction 
Material Weight (g) Percentage of fraction 
MET 772826 80.92 
AL 762*55 7.98 
GLASS 33,011 1.46 
PP 10711 1.12 
PVC 91,18 0.98 
ELC 8071 0.85 
PA 73,89 0.77 
Cu 6617 0.69 
ABS 33,56 0.35 
PE . 3242 
0.34 
RUBBER 3205 0.34 
UP 2970 0.31 
PET 2364 0.25 
PLASTIC 1606 0.17 
-TýC- 1293 0.14 
PUR 11,57 0.12 
ELN 101i (). II 
TP R 984 0.10 
TEXT 972 0.10 
POM 891 0.09 
PBT 818 0.09 
PS 755 0.08 
'E--L -T 739 0,08 
WD 739 0.08 
CE-RAMIC 697 0.07 
CEL C EL 0.06 
C 
ý 448 0.05 
EATHER L EATHER 39-5 0.04 
EPP 1181 0.04 
J 
CRDB CRDB 378 0.04 
ASA ASA 375 0.04 
TEO TEO 274 0.03 
P Iý Pm1MA 
PF 
PPE 142 0.01 
PPA IN (). () I 
Material Content of Stream 
0 Ferrous 0 Non-Ferrous OThermoplastic MThermo 
0 Elastomer M Gass 13 Other 
-7t] 
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LightEraction 
Material Weight (g) Percentage of 
fraction 
PUR 20234 19.40 
Pp 12*352 11.41 
RUBBER 12427 11.30 
_ PA 8887 8.08 
MET 67,54 6.14 
ELC 6281 5.71 
ABS 4013 3.65 
PE 3826 3.48 
PVC '1407 1() 
AL 3143 2.86 
UP 2877 2.62 
PET 2809 2.5 5 
CU 2779 2.5 3 
- ELN 22031 2.00 
TEXT 1705 Lii 
PC __ 1-555 1.41 
EPDM 1388 1.26 
WD 1174 1.07 
TPUR 1157 1.05 
Heavy Magnetic Fraction 
Material Weight (g) Percentage of fraction 
N4ET 752788 99. ig 
cu 2591 0.14 
AL 297 0.04 
RUBBER 154 0.02 
PUR 53 0.01 
PA 29 0.00 
GLASS 11 0.00 
CRDB 10 0.00 
-_AE-_T 9 0.00 
PBT 9 0.00 
PVC 9 0.00 
POM 8 0.00 
EPD ý4 3 0.00 
PC 3 0.00 
pp 2 0.00 
PF 2 0.00 
EL--N 2 0.00 
2 0.00 
ELC 1 0.00 
ABS 1 0.00 
PPA 1- 0.00 
PPE 1- 0.00 
material content of Stroam 
M Ferrous CI Non-Ferrous oThermoplastic MThermoset 
13 Elaslomer M Glass (3 Other 
Material content of stream 
m Ferrous Non-Ferrous 13Thermoplasbc MThermoset 
[3 
LEEllastomer 
0 Gass (3 Other 
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Heavy Non-Magnetic Fraction 
Material Weight (g) 
Percentage of 
fraction 
AL 75958 , 
38,16 
GLASS 33000 16,5 8 
MET 200318 10.07 
Pp 10728 5.19 
PVC 9309 4.68 
ELC 8070 4.05 
PA 7360 3.70 
Cu 4026 2.02 
ABS 3,3,55 1.69 
PE 3241 1.63 
RUBBER 3051 1.53 
UP 2969 1.49 
PET 2 15 4 1.18 
PLASTIC 1606 0.81 
PC 
I 
1290 0.65 
PUR 1103 O. i5 
El M LN 1013 
TPUR 984 0.49 
TEXT 971 0.49 
POM 884 0.44 
PBT 809 0.41 
PS 7 55 0.18 
FEL F 739 0.37 
738 0.37 
CERAMIC 697 
_ _0.35 CEL 588 0.30 
C 0.22 
L-E-ATHER 395 0.20 
EPP 381 0.19 
ASA 37*5 0.19 
CRDB 369 0.19 
TEO- 274 0.14 
VMMA 252 0.13 
PF 235 0.12 
T'RE TI 42 0.07 
_ pp PPA 1()(- I 0.05 
Material Content of Stream 
ý Ferrous a Non-Ferrous oThermoplashc EThermoset 
0 Elastom er 0 Glass [3 Other 
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Heavy Non-Magnetic Non-Conductive Fraction 
Material Weight (g) Percentage of fraction 
GLASS 32622 28.50 
AL 16452 14.37 
PP 10714 9.36 
PVC 8941 7.81 
PA 7243 6.33 
MET 5610 4.90 
ELC 3492 3.05 
ABS 33-53 2.93 
PE '1202 2.80 
UP 2969 2.59 
RUBBER 2808 2.45 
PET 2354 2.06 
PLASTIC 1605 1.40 
PC 1288 1.12 
PUR 1074 0.94 
TPUR 983 0.86 
TEXT 971 0.85 
POM 880 0.77 
PBT 805 0.70 
PS 755 0.66 
FELT 719 0.65 
WD 73 6 0.64 
CERAMIC 697 0.61 
CEL i88 0.51 
ELN 438 0.38 
LEATHER 395 0.34 
EPP 381 0.33 
ASA 375 0.33 
CRDB 367 0.32 
TEO 274 0.24 
PMMA 252 0.22 
PF 235 0.21 
CU 176 (). 15 
PPE 141 0.12 
PPA 100 1 0.09 
Material content of stream 
0 Ferrous 13 Non-Ferrous oThermoplastic EThermoset 
C3 Elastomer a Glass 13 Other 
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Heavy Non-Magnetic Conductive h, raction 
Material Weight (g) 
Percentage of 
fraction 
AL 59506 70.38 
MET 14427 17.06 
Ef LC 4 78 5.41 
CU 3850 4. _5 
ELN 57 0.68 
GLASS 378 0.45 
PVC 369 0.44 
C 3io 0.41 
RUBBER 243 0.29 
PA 117 0.14 
BRASS 59 0.07 
PE 39 0.05 
VU-R 29 (). () I 
pp 14 0.02 
PBT 0,01 
POM 3 
- 
0.00 
--fýC- 2 0.00 
ABS 2 0.00 
CRDB 2 0.00 
1 0.00 
Heavy Non-Magnetic Conductive Float Fraction 
Material Weight (g) 
Percentage of 
fraction 
AL 3077 67.23, 
ELC 485 
MMET 3 () 30ý0) 6.55 
PVC 233 
- 
5.10 
' RUBBER 1ý0 2.85 
PA 103 2.24 
61 1.33 
55 
_1.20 PE 37 0.82 
PUR 28 0.62 
UL AS -S 20 0.43 
19 0.42 
pp 14 0.30 
-FB-T 4 0.09 
Vo -M -2 
-0.0i PC 2 0.04 
ABS 2 0.04 
ýýR--DB 2 0.03 
-W7D-- 1 003 
ii-R--ASS 1 0.02 
Material Content of Stream 
ý Ferrous Non-Ferrous oThermoplasbc EThermoset 
WElastorner Glass C3 Other 
Material content of Stream 
I- errous W Non-Ferrous MThermoplastic m 
(I Elastomer 0 Glass 13 Other 
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Heavy Non-Magnetic Conductive Sink Fraction 
Material Weight (g) 
Percentage of 
fraction 
AL 
-56429 
70.56 
MET 14127 17.67 
ELC 409' , 5.12 
CU 3,79-5 4.75 
ELN 5 14 0.64 
GLASS 3 58 0.45 
C 31.11 1 0.41 
PVC 1316 0.17 
RUBBER 112 0.14 
BRASS 58 0.07 
PA 14 0.02 
PE 2 0.00 
PUR 0.00 
Pom 0.00 
PBT 0.00 
pp 0.00 
Material Content of Stfearn 
Ferrous E Non-Ferrous 13Thermoplastic MThermoset 
Elastomer M Glass 0 Other 
Heavy Non-Magnetic Conductive Sink-FloatEraction 
Material Weight (g) Percentage of fraction 
AL 54075 90.31 
E -C 3 942 6.58 
ELN 49*; 0.81, 
MET 3,7 3 0.62 
GLASS 343 0.57 
C 319 O. i3 
PVC 131 0.22 
RUBBER 108 0.18 
Cu 69 (). II 
PA 14 0.02 
PE 2 0.00 
BRASS 1 0.00 
PUR 0.00 
Pom 1 0.00 
PBT 1 0.00 
pp 1 0.00 
Material Content of Stream 
M Ferrous El Non-Ferrous OThermoplastic MThermosel 
1 C3 Elastomer M Glass 0 Other 
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Heavy Non-Magnetic Conductive Sink-Sink Eraction 
Material Weight (g) Percentage of fraction 
MET 1 3,7 54 69.44 
Cu 3726 18.54 
AL 2354 11.71 
ELC lil 0.75 
BRASS 56 0.28 
ELN 19 0.09 
GLASS 15 0.07 
C 13 0.06 
PVC I -; 1 0.02 
RUBBER 1 41 0 2" 
Material Content of Stream 
M Ferrous 13 Non-Ferrous oThermoplastic MThermoset 
(3 Elastomer 0 Glass (3 Other 
Light Small Fraction 
Material Weight (g) Percentage of fraction 
RUBBER -5610 131.52 pp -5365 12.93 PA 4479 10.79 
MET 3403 9.20 
ELC 2,; 7 -5 6.21 
ABS 2003 4,83 
PE 1701 4.10 
Iff -u 1-577 3.80 
PUR 15 57 3.7-5 
PET 1370 3.30 
TL 1250 3.01 
ELN 1176 2.83 
UP 1058 2.55 
PC 913 1.96 
TEXT 787 1.90 
EPDM 673 1.62 
Pom 601 1.4 5 
PVC i io 132 
PBT 536 1.29 
TPUTIR 5315 1.29 
w 479 1.15 
,-C? A?, /11C pp A Ik/I I (- ERAMIC 449 1.08 
E-E-ATHER 431 1.04 
ýb- -, 88 0.91, 
CR-DB 362 0.87 
ýEL 315 0.76 
ýýSA 210 (). -; 45 
ýM-MA -161 0.1 . 19 148 0.336 
FL-ASTIC 141 0.34 
PS ý ý 13,7 0.11 -- E -0 
ý 
Iý6 
Material Content of Stream 
0 Ferrous 0 Non-Ferrous E3Thermoplastic MThermoset 
0 Elastomer 0 Glass El Other 
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Light Large Eraction 
Material Weight (g) Percentage of fraction 
PUR 18677 27.27 
pp 7188 1 (). io 
RUBBER 6917 9.96 
PA 4407 6.44 
ELC 3,706 5.41 
MET 33 
_5 
1 4.89 
PVC 2857 4.17 
PE 2125 31.1 () 
ABS 2010 2.94 
AL 1893 2.76 
UP 1819 2.66 
PET 1419 2.10 
Cu 1202 1.76 
ELN 1028 1. io 
TEXT 918 1.34 
PC 742 1.08 
EPDM 71 -5 1.04 
FELT 707 1.011 
WD 695 1.02 
PLASTIC 672 0.98 
TPUR 622 0.91 
Pom 478 0.70 
CERAMIC 472 0.69 
PBT 448 0.6,5 
PS 437 0.64 
CRDB 419 0.61 
LEATHER 411 0.60 
Co 407 O. i9 
EPP 405 0.159 
CEL 375 0.55 
ASA 221 0.32 
TEO 180 0.26 
PMMA 143 0.21 
PF 137 
Material Content of Stream 
I Ferrous 0 Non-Ferrous oThermoplastic EThermoset 
I Elastomer 0 Glass 13 Other 
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Light Large Magnetic Fraction 
Material Weight (9) 
Percentage of 
fraction 
d 
MET 1264 65.09 
PUR 861 17.16 
cc U11 469 9.35 
RUBBER 328 6.54 
EPDM 29 (). 58 
PA 17 0.34 
CRDB I1 0.22 
AL 7 (). I; 
PET 6 OA I 
PBT .5 (). I () 
POM 4 0.08 
P Pvc VC I ýI 0.0i 
EI LNm 2 0.04 
PC 2 0.04 
pp 2 0.03 
1 0.03 
PF 1 0.02 
A BS 1 0.01 
ELC I (). () I, 
Light Large Non-Magnetic Eraction 
a tenal Material a -al ten ýht (g) Weight (g) ei ei ght (g) W W 
Percentage of 
fraction 
PUR PUR UR P 811() 17816 17 81 17 28.07 
PP 7186) 11.32 
RUBBER 
I 
(6)4819 
M 
10.22 
PA PA 4, ,, 
90 4' 6.92 
E ELC LC 37 05 5.84 
PVC PVC 28., 4 28,54 4.50 
pp P pp E 212 
ABS 2010 3.17 
AL 1886 2.97 
UP 1819 2.87 
PET 1433 
- 
2.26 
ELN I Oi 6 
- 
1,62 
TEXT 9 F7 1.45 
PC 740 1.17 
Cu 733 1.16 
FELT 707 1.11 
ArD 694 1.09 
EPDM 686 1.08 
PLASTIC 672 1.06 
TO U -R 622 0.98 
vo-m 474 0.75 
CE--RAMIC 472 0.74 
PBT 443 0.70 
PS 43,7 0.69 
LEATHER 411 0.65 
Co 407 0.64 
Material Content of Stream 
M Ferrous M Non-Ferrous oThermoplastic MThermoset 
(I Elastomer MGlass 0 Other 
Material Content of Stream 
ý Ferrous 
a Non-Ferrous 
(133 Elastom er 0 Glass 
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Light Large Non-Magnetic Conductive Fraction 
Material Weight (g) 
Percentage of 
fraction 
ELC 21 O's 33.89 
AL 1477 23.90 
Cu H 11.110 
ELN 581 9,37 
RUBBER 514 8.29 
PUR 47*3 7.66 
PVC I 13, 1.92 
PA 70 1.11, 
MET 62 1.0 1 
C 46 0.75 
PE 26 0.41 
BRASS 11 0.18 
pp 10 (). I; 
EPDM 3 0.06 
PBT 3 0.04 
CRDB 2 0.03 
Pom 2 0.03 
V, rD 1 0.02 
PC 1 0.02 
ABS I 
Material Content of Stream 
0 Ferrous 0 Non-Ferrous OThermoplastic EThermoset 
0 Elastomer M Glass (30ther 
Light Large Non-Magnetic Non-Conductive Eraction 
Material Weight (g) 
Percentage of 
fraction 
PUR 17341 3,0.28 
Pp 7177 12.5 3, 
RUBBER 597-5 10.43 , 
PA 4321 7.5 5 
PVC 2741 4.79 
PE 2099 3.67 
ABS 2009 . 
-,. ;I 
UP 1818 11.18 
ELC 1603 2.80 
PET 1433 2.50 
TT EXT 917 1.60 
PC 719 1.29 
FELT 707 1.2', 
_ \VD 692 1.21 
EPDM 682 1.19 
PLASTIC 672 1.17 
TPUR 622 1.09 
CERAMIC 472 0.82 
POM 472 0.82 
ELN 444 0.78 
PBT 440 0.77_ 
PS 437 0.76 
LETT-HER 411 0.72 
Material Content of Stream 
M 
Ferrous 0 Non-Ferrous 13 Thermoplastic M Thermoset 
0 Elastomer M Glass E3 Other 
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A Design Framework for End-of-Life Vehicle Recovery 
Introduction 
This paper was presented at the 13th CIRP International Conference on Life Cycle 
Engineering in Leuven in 2006. 
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A Design Framework for End-of-Life Vehicle Recovery 
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Abstract 
It is expected that over the next few years type approval legislation will force vehicle manufacturers to 
identify recovery methods during the design process in order achieve reuse and recycling targets. Current 
vehicle design does not sufficiently aid the economic recovery of parts and materials to reach these targets. 
This paper aims to provide a framework so that the cost of recovery can influence design. This is achieved 
by a review of surrounding literature before three areas of concern emerge. A framework Is then developed 
to resolve these problems within the design process before an analysis module from this framework Is 
presented and a case study conducted. 
Keywords 
End-of-Life, Recovery, Design, Vehicles 
1 INTRODUCTION 
During the late 80's and early 90's the European Union 
began to devise producer responsibility directives for 
several high volume manufacturing sectors including the 
electronic and automotive industries. In relation to the 
automotive sector, the End-of-Life Vehicle (ELV) directive 
aimed at ensuring that the manufacturers took full 
responsibility for not only the disposal but the recovery of 
their vehicles. It laid down prescriptive percentage targets 
for vehicle recovery, recycling and reuse (85% recovery 
with 80% recycled or reused by 2006 rising to 95% and 
85% respectively by 2015) as well as requiring free 
takeback provision from vehicle manufacturers by a 
network of Authorised Treatment Facilities (ATF) that 
would depolute and dismantle the cars in line with 
standards from 2007 [1]. Before the implementation of the 
directive many manufacturers had already integrated 
environmental methodologies within their design process, 
partly to stave off the impending regulation and partly to 
satisfy public interest in a more environmentally friendly 
car. This was in the form of 'Design for Disassembly' 
methodologies and environmental guidelines which made 
vehicles less hazardous and easier to dispose of. 
Although many of the manufacturers claim that their 
environmental programs have lead to vehicles with a high 
recyclable content [2], the recovery chain has a very 
different perspective. They argue that the amount of 
recyclable material within a vehicle is not an indication of 
its recoverability. This recoverability is dependant on the 
economics and efficiency of separation processes such as 
dismantling and shredding, which are struggling to reach 
the targets for 2006 [3]. This dependence on economic 
feasibility looks set to continue over the short term as 
manufacturers develop financially independent takeback 
networks, therefore reducing the impact of producer 
responsibility [4]. However vehicles currently being 
produced will come to the end of their useful lives after the 
implementation of the 2015 targets and the responsibility 
for reaching these targets will fall on the manufacturers. 
Therefore it is important that manufacturers not only 
consider the recyclability of their product but how this 
recyclable material can be recovered economically by the 
recovery chain. Once manufacturers begin to understand 
the economic and technical problems encountered In 
recovering 95% of their vehicles weight, they can not only 
produce a vehicle with recyclable content, but a vehicle 
with recoverable content. 
This paper presents a framework for the use of end-of-life 
data during vehicle design, providing the user with a 
knowledge of the impact of design change on recovery 
cost. The first section introduces the background to the 
research, Including a review of surrounding literature as 
well as an overview of current design and recovery 
methods. Three areas of concern are then developed into 
requirements, and a framework for'Design for End-of-Life 
Value' is introduced. An analysis module within this 
framework is then explained with the selection of a head 
rest assembly described as a case study. 
2 BACKGROUND 
2.1 Related Research 
In recent years manufacturers of all products have 
stepped up their use of environmental methodologies by 
implementing the analysis of whole life cycles [5] and, in 
more general terms, increasing the influence of all 
encompassing environmental management strategies. 
More specific developments have been aimed at the 
design processes influence on End-of-Life (EoL) options 
in the form of various 'design for' programs. These vary 
from high level considerations, where environmental 
issues are contemplated early in the products 
development, to low level issues where every nut and bolt 
is acknowledged 161. These methods bring the 
manufacturer much closer to the disposal of their product, 
creating a link between themselves and EoL operators, 
described by Deutz 171 as a 'value chain'. Using this link 
as a commercial advantage through a 'closed-loop' 
infrastructure has been the subject of much research 
including the development of information systems to aid 
take-back [8]. 
One of the potential materials/part recovery routes is 
dismantling, where numerous attempts have been made 
to improve the process, including whole disassembly lines 
[9]. This does not stop in the workshop, with analysis tools 
created to assess optimum disassembly sequences using 
recovery cost and revenue data [10]. The options 
available for ELV disposal are also the focus of numerous 
studies in recent years [31 as the recovery sector Is 
fragmented and therefore the information required by so 
many interested parties is difficult to trace. 
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The recycling of automotive plastics is also the topic of a 
great deal of research, with Life Cycle Assessment (LCA) 
studies on the relative traits of closed loop recycling in 
comparison with cascade recycling [11]. Alternatively, 
many favour the post shredder recovery of Auto Shredder 
Residue (ASR) instead of the pre shredder dismantling 
and recycling of parts. Investigations have taken place 
into the exact composition of shredder waste [12] whilst 
others have looked at potential techniques to recover ASIR 
like skin floatation [131. 
2.2 Vehicle Design and Recovery 
Vehicle manufacturers have been at the forefront of many 
end-of-life design strategies over the past decade to cope 
with the implications of the directive. Examples include 
PSA Peugeot Citroen, who state in their 2003 annual 
report [2] that they have embraced eco-design, the use of 
recyclable materials, such as metals and certain 
polymers, and the reduction in variety of materials to 
facilitate resource recovery after shredding. However, 
manufacturers face a range of conflicting environmental 
concerns. LCA studies have indicated that a passenger 
car will use 83.5% of the energy used throughout its life 
cycle during the use phase and just 0.1% during the 
recovery phase [14]. Therefore, the use of light weight 
materials such as composites, though at present 
potentially hindering material recycling, are seen to be 
more environmentally beneficial. 
Although the ELV directive has already affected the 
design of new vehicles, there are currently no legislative 
ELV measures on the design process. However, a new 
directive proposed by the EC intends to add reusability, 
recyclability and recoverability to the requirements for type 
approval in Europe in accordance with the ELV Directive 
[15]. This has forced many manufacturers to compile data 
on both their vehicles structure and composition. The 
International Materials Data System (IMDS) provides web 
based data entry for all suppliers allowing manufacturers 
to collate the material composition of their vehicle at a 
chemical level. Many manufacturers also have teardown 
facilities where vehicles are disassembled to gather 
dismantling times and other recovery information. 
End-of-life vehicles can be categorised either as natural or 
premature ELVs- Premature ELVs, through fire, theft, 
flood, vandalism or accident damage, have come to the 
end of their lives before they were intended and often 
have a number of valuable parts that can be stripped for 
resale. Natural ELVs however have reached the end of 
their predicted lives and therefore tend to be in a bad 
state of repair with very few valuable parts. Once the 
vehicle has arrived at an ATF it is deregistered and the 
final owner is issued with a Certificate of Destruction 
(CoD). It is then depolluted by removing the battery, fluids, 
tyres, air bag, and any other hazardous substances, 
which takes approximately 20 minutes. Any valuable parts 
identified by the ATF are then rernoved before the vehicle 
is crushed and transported to a shredder facility. It is then 
shredded along with other metallic waste, before going 
through several processes which attempt to separate any 
valuable commodities still held within the scrap. This 
includes magnetic separation to isolate the ferrous metal 
which constitute approximately 64% of the vehicles weight 
[3), and density separation to segregate non-ferrous 
metals. The remaining Auto Shredder Residue (ASR) is 
sent to landfill. The recovery chain described is shown in 
figure 1. 
3 DISCUSSION 
Based on the background research conducted, three 
specific areas were identified that have either been 
ignored during the design of vehicles or unsuccessfully 
addressed. These areas are the manual dismantling of 
parts and assemblies, the separation of post shredder 
plastics, and the recycling value of post shredder material 
streams. Each of these is discussed below: 
3.1 Manual dismantling of parts and assemblies 
The manual removal of parts for reuse has long been a 
part of the recovery industry but this has seen a terminal 
decline during the last decade as parts have become 
electronically integrated, making them difficult to remove 
and replace. The manual disassembly of parts and 
materials for recycling has however never been attempted 
by the majority of end-of-life operators. Even parts that 
have been designed for disassembly are not removed 
because of the high tabour cost and the low value of the 
removed material. A study initiated by the Consortium for 
Automotive Recycling (CARE) [16] found that the removal 
and cleaning of a 900g ABS glove box took 2.5 minutes. 
At this removal rate and with a tabour cost of Mhour, this 
would result in a cost of E360 per tonne with the material 
not even leaving the site. Therefore, many of the 'Design 
for Disassembly' methods implemented by the 
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economically viable, and need to be rethought. 
3.2 The separation of post shredder plastics 
Although many separation methods are well established 
within the recovery industry, such as magnetic separation, 
eddy current separation and dense media separation, 
these methods are primarily for separating metallic 
substances. Much of the remaining fraction is made up of 
none metallic materials such as polymers, rubbers, 
textiles, wood and glass. A study by the Vehicle Recycling 
Partnership (VRP) [17] found that the overlapping 
properties of a range of plastics in the density range of 1 
g/CM3 to 1.3 g/CM3 made it "very difficult to separate 
plastic material from ASR using density separation alone". 
Attempts have been made to separate polymer types 
using new methods like skin floatation [13] which separate 
thermoplastics and thermosets from the remaining ASR 
through their reaction to plasticizers. However, this 
method has yet to be commercially realised and doubts 
remain over the required cleanliness of the plastic for the 
floatation process to take place. The economics of the 
post-shredder recovery of plastic remains an issue of 
quality because of the difficulty of separation. The only 
solutions are through improving these separation 
technologies or reducing the number of plastics involved. 
3.3 The recycling value of post-shredder material 
streams 
The value of many post-shredder material streams is 
dependent on material purity. One example of this is the 
contamination of scrap steel with copper, which weakens 
the properties of the melted steel. This has such a 
negative impact on the value of the steel that shredder 
operators in the UK employ hand pickers to remove 
copper fragments from the scrap. Another example is the 
problems caused through the incineration of waste 
containing PVC. PVC has a lower heat value than most 
plastics and a high chloride content. This means that it not 
only creates less energy but produces hydrochloric acid 
and clyoxins which generate between "two and five kg of 
hazardous waste" for every kg of PVC incinerated [18]. 
Therefore, the removal of negative value materials such 
as copper and PVC before the vehicle is shredded could 
increase the value of many of the post shredder material 
streams. If the cost of manually removing these materials 
is reduced, their removal could increase profits made from 
the sale of post-shredder scrap. 
Based on these three areas, several requirements can be 
created to tackle these problems during the design stage. 
These are as follows: 
The issue of material content is down to material 
use in the whole vehicle, not individual parts. 
Therefore, the whole vehicle needs to be 
analysed at an initial stage in the design process 
to isolate problematic materials as early as 
possible. Parts containing these materials should 
be identified and then redesigned to either 
reduce the problem material or ease its 
disassembly. 
Many vehicle assemblies are too complicated for 
easy removal either because they have too many 
constituent parts or are made from a large 
variety of materials. Assemblies that are 
inefficient in material and part use should 
therefore be identified earlier in the design 
process and redesigned to reduce potential 
disassembly time and increase reuse and 
recycling value. 
Redesign methods should not only consider the 
disassembly time, but the functional value of the 
assembly being removed. If an assembly is 
designed for reuse or replacement, its functional 
connections to other assemblies could be 
improved to ease replacement, its part lifetime 
could be aligned to the part and not the car, and 
the materials used could be made compatible for 
recycling purposes. 
To achieve these requirements a framework was 
developed, establishing the inputs and processes required 
to achieve them. This framework is entitled 'Design for 
End-of-Life Value' (and is shown in figure 2) and aims to 
use all of the data currently available to manufacturers. 
Inputs 
International Materials) Teardown Data End-of-Life Material Data System (IMDS) Data 
Design for End-of-Life Value 
Vehicle Level Design for Ený 
Vehicle 
Identified Identified 
Assembbes Matenals 
Ia Part Level Design for Parl 
Recovery 
Identified Identifed 
Components from Components with 
Assemblies Target Material 
Design for Modular 
Recovery Design for Shredding 
Figure 2: Design for End-of-Life Value. 
The use of teardown data is seen as vitally important to 
be able to analyse a vehicles material content and 
structure so early in the design process. The majority of 
new vehicles are based on incremental improvements on 
previous designs and therefore any end-of-life strategy 
could base itself on a previous models teardown. This can 
provide a basic structure to the vehicle, as well as 
invaluable dismantling times, part weights, and material 
content data. The International Materials Data System can 
also provide critical information on exact part 
compositions and therefore physical properties such as 
density and magnetic susceptibility. These could help 
indicate post shredder material streams and highlight 
problem materials. However, these materials cannot be 
isolated without their recycled value being considered and 
this requires end-of-life value data to establish the 
negative effect of certain materials. 
These inputs can be used to study the vehicle in terms of 
the first two requirements. By combining both the 
structural data from the Teardown and the material data 
from IMDS, problem assemblies and materials can be 
identified at a whole vehicle level. The material data can 
provide physical properties giving an indication of the 
likely post shredder material streams. To identify problem 
materials from these streams a third input of end-of-life 
material data supplying recycling values would be 
required. The intrinsic value of each material can then be 
establish and those with a negative impact on that value 
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targeted. By using the teardown, assemblies can also be 
identified via their inefficient use of materials and parts as 
well as their disassembly time. This forms the basis of the 
first module, 'Design for End-of-Life Vehicle'. 
To deal with the materials identified, both proactive and 
reactive approaches are applied. At a vehicle level, the 
proactive approach attempts to reduce the material by 
using replacement checklists. At a part level, the reactive 
approach uses the tearclown to identify components 
based on the amount of targeted material they contain 
and then improve access for their manual removal. Both 
the checklist and access improvements take place within 
the 'design for shredder' redesign module. 
To cope with the assemblies identified, the structure is 
analysed at a part level to ascertain whether there is a 
functional reason for the identification of that assembly. if 
no reason is found, the assemblies components are 
redesign using 'Design for Modular Recovery'. This is 
based not only on their disassembly but their functionality, 
providing assemblies that can be removed, replaced and 
recycled without additional dismantling. The following 
section provides an overview of the selection of these 
assemblies at a whole vehicle level using 'Design for End- 
of-Life Vehicle'. 
4 DESIGN FOR END-OF-LIFE VEHICLE 
The Design for End-of-Life Vehicle module is used to 
identify parts, materials and assemblies within the vehicle 
that may require attention based on the three concerns 
identified during the discussion section. To do this 
effectively it requires the use of end-of-life data on post 
shredder material value, teardown data provided by the 
dismantling of a previous model, and material data 
accessed from IMDS. Unfortunately, due to the highly 
sensitive nature of much of the information held within it, 
the IMDS data was inaccessible to this research. This 
meant that the only available source of vehicle data was 
from the teardown provided by a vehicle manufacturer. 
The teardown contains a list of the parts removed from a 
vehicle in the order they were dismantled, totaling over 
2000 parts and weighing approximately 930kg. It contains 
each parts name, location, material content, weight, 
removal time, level, and fixing. As the teardown did not 
involve the stripping of each part down to its constituent 
materials, several parts are listed as containing a range 
of materials. Because of this, a truly accurate account of 
the vehicle material content was not possible. 
Many of the parts included are assemblies and therefore 
require their own removal before parts can be removed 
from within them. The level value listed in the teardown 
gives the position of the part relative to all the others, for 
example if the part is on level 0 it can be removed without 
the removal of any other parts, if the part is on level 3 it 
requires the removal of parts from levels 2,1 and 0. By 
using the level system, the user can establish which parts 
are within which assemblies, therefore giving an idea of 
structure. By manipulating the level system, the 'Design 
for End-of-Life Vehicle' program is able to group many of 
the vehicles parts into assemblies and provide a total 
dismantling time for each assembly. By combining this 
with the total weight of the assembly a 'Time Ratio' (TR) 
can be calculated as shown by equation 1. 
TR =W/T 
Where W is the total assembly weight and T is the total 
assembly dismantling time. Material Ratios (MR) and Part 
Ratios (PR) can also be calculated for each assembly 
based on the same method, as shown in equations 2 and 
3. 
MR=W/M (2) 
PR=W/P (3) 
Where M is the total number of materials within the 
assembly and P is the total number of parts within the 
assembly. To provide variation in assembly selection the 
user can select any one of the three individual ratios he or 
she feels is most appropriate. A Combined Ratio (CR) is 
also available, based on the equation 4. 
CR=TRxMRxPR (4) 
Once one of the equations has been selected, the user 
can set a minimum weight which allows the program to 
ignore any assemblies below that weight. This cuts out 
many of the small intricate assemblies that may have 
huge variations in material and part use but contribute 
little to the recovered weight and value of the vehicle. 
............ 
Figure 3: A screenshot of DELV. 
The program then provides a list of the worst assemblies 
in that category and allows the user to view that assembly 
in more detail. This is in the form of a disassembly tree, 
with all the parts that need to be removed to access the 
assembly along with all the parts within that assembly 
listed. Equations 2,3 and 4 provide an indication of each 
assemblies inefficiency in resource use. In some cases 
this may be required to provide the function of the 
assembly, but it is up to the user to justify its functional 
importance. By seeing the structure of the assembly and 
its constituent parts as shown in figure 3, the user can 
then decide whether it is appropriate for redesign. The 
cumulative disassembly time and disassembled weight is 
also calculated and shown in graphical form to allow the 
user to see the amount of material recovered and the time 
taken at each stage in the dismantling process. To 
provide an example of this method in use, a case study of 
the part selection process is outlined below. 
4.1 Case Study 
To select an appropriate assembly from the teardown, a 
minimum weight of 1kg was entered and the CR score 
was used. Figure 4 shows the top 5 most inefficient 
assemblies. 
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Figure 4: The 5 most inefficient assemblies. 
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From this the head rest assembly was chosen to be 
studied in more detail. This assembly weighs just over 1 
kg, contains 9 different materials including Polyurethane 
foam, leather, metal and 6 different plastics, and consists 
of 9 different parts, 4 of which are contained within a 
'Cover Head Rest Assembly'. The layout of this assembly 
is shown in figure 5. 
Head Rest Assembly 
From this analysis it is clear that the head rest assembly 
is a candidate for redesign. There are few better 
examples within a vehicle of functional modularity with its 
easy removal and replacement. However, this assembly is 
not designed for recovery and has too many different 
materials to recycle without significant disassembly. The 
PVC contained within it also prevents its incineration, 
making landfill the only option available. Access to the 
high weight parts such as the pad, core and frame could 
also be improved. 
5 CONCLUSION 
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Figure 5: The head rest assemblies structure 
From figure 5 it can be seen that the whole assembly is 
firstly removed from the vehicle. The cover assembly is 
then removed before the pad, core and frame of the head 
rest are separated and the sleeve guide is disassembled. 
Figure 6 shows the cumulative removal rate as each part 
of the head rest is removed. 8 operations take place and 6 
parts are removed before the removal rate shows any 
significant rise. This reaches a peak of over 3.5 grams per 
second, before dipping when the sleeve guides are 
removed. 
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Figure 6: The cumulative removal rate of the head rest 
assembly. 
The review of literature surrounding both current and 
future design and recovery methods has indicated several 
key problems for the future of the industry. The economic 
realities of disassembly have made the dismantling of 
parts for their recovered value financially unattractive. 
Only incineration and low level recycling options are open 
to current post shredder plastics, and the value of these 
post shredder material steams is heavily affected by 
contaminants. Although this paper only deals with the 
identification of inefficient parts, it has presented a 
framework that can be developed to eventually provide a 
full representation of the issues involved in the recovery of 
vehicles during the design stage. It has established that to 
create a recoverable vehicle, manufacturers and 
designers must have knowledge of the recovery 
processes used and the design parameters that affects 
them. The case study presented provides a good example 
of the problems encountered during pre-shredder 
recovery. A Head Rest Assembly can be removed in 
seconds from within the vehicle but because of its varied 
part and material use, it is impossible to recover without 
further disassembly. Design for End-of-Life Value (DELV) 
attempts to combat these problems by using three 
principles. That manual dismantling is only viable if the 
part can be removed and recycled together without further 
disassembly, that material variation should be reduced, 
and that post shredder contaminants should be identified 
for removal during design or disassembly. Future work will 
develop this framework to include the selection of parts 
that contain targeted contaminants. New redesign method 
will then be created to improve the modularity of targeted 
assemblies so that they can be removed and recycled 
together, therefore reducing their negative impact on post 
shredder material streams. 
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Abstract: To cope with the environmental effects of' nine million tolliles of' vehicles 
that reach the end of their useful lives each year in Europe, the FC have created the 
End-of-Life Vehicles (ELVs) Directive. Two of the most radical measures included ill 
the directive are to provide free takeback to last owners and to achieve targeted levels 
for the recycling and recovery of material by set dates. This paper aillis to provide a 
basis for ftiture research by evaluating tile potential direction ofthe recovery industry. 
This is achieved by firstly assessing the origins ofthe directive and previous research 
surrounding the subject. 'File paper then describes the current recovery infrastructure 
and practices in the LJK highlighting all the stakeholders involved in tile recovery 
industry. This paper also highlights the issues related to tile provision oftakeback and 
the attainment of targets through two stages, namely the implementation and 
management of takeback, and the use of new technology to achicvc the recovery 
targets. The paper concludes by identifying key airris Ior future research to support the 
objectives of the implemented legislation and tile financial stability of all 
stakeholders. 
Keywords: Fnd-ol-Life vehicles, Manual disassembly, Shredding, Plastic i-ecyclim, 
1 INTRODucrION 
Unlike many products, the rccovery ofa vehicle through the reuse of its parts and tile 
recycling of many of its constituent materials has existed since its inception. The 
structure of the car has always encouraged parts exchange and the technology of 
separating and recycling the valuable ferrous content is simple, reliable and 
widespread. However, when the value of scrap steel has fallen, the loss ofrevcnue to 
the recovery industry has usually forced many scrap yards to charge last owners Ilor 
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the disposal of their vehicle. This has previously caused an increase in vehicle 
abandonment, with the cost of disposal then falling on local government [1]. The 
recovery industry has also gained an image of un-environmental conduct through the 
landfilling of the many hazardous substances within a vehicle [2]. The waste sent 
from the recovery industry to landfill has been estimated to be between 20 and 30% of 
each processed vehicles weight, with a survey in 2000 estimating that from the 2.1 
million vehicles recovered in the UK that year, approximately 403,000 tonnes of 
waste in the form of Automotive Shredder Residue (ASR) was landfilled [3]. The 
emergence of these three factors; abandonment, pollution, and waste has resulted in 
the creation by the European Commission of the End-of-Life Vehicles directive which 
aims "as a first priority, at the prevention of waste from vehicles and, in addition, at 
the reuse, recycling and other forms of recovery of end-of-lifie vehicles, and their 
components so as to reduce the disposal ofwaste, as well as at the improvement in the 
environmental performance of all of the economic operators involved in the life cycle 
of vehicles and especially the operators directly involved in the treatment of end-of- 
life vehicles" [4]. 
This was to be achieve through the implementation of several measure that include: 
o The setting up of a system for the collection of ELVs by economic operators 
(producers, dismantlers and shredders etc. ). 
e The assurance that delivery to treatment facilities is at no cost to the last owner 
by 2007 (unless it does not contain "the essential components of a vehicle" or 
contains waste which has been added). 
The establishment of standards for storage, treatment, de-pollution and the 
regulation of Authorised Treatment Facilities (ATFs). 
The recycling and recovery of 85% (80% recycling) of a vehicles weight by 
2006, and 95% (85% recycling) by 2015. 
The initial interpretation of the directive was that the financial burden of 
implementing these measures would fall on the original manufacturers, making them 
liable for the disposal of their product and creating a link between themselves and 
End-of-Life (EoL) operators, described by Deutz [5] as a 'value chain'. Vehicle 
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manufacturers have been instigating environmental awareness t1or many years \\ ith the 
use of whole life cycle analysis [6] and 'design for' programs 171 increasing (lie 
influence of Eol- options on the design process. I lowcvcr, this producer respoiisibility 
is ain-ied at giving them a financial interest in recovery, encouraging them to ftirther 
integrate end-of-life issues into design as well as incorporate recycled material into 
new vehicles. 
As a result of the directive, the old style 'scrap yards' now require Authorlsed 
Treatment Facility (ATF) accreditation, guaranteeing the environmental trcatnicnt of 
vehicles in their care. They are also required to build new relationships \\, Itli 
manut , acturers to provide takeback and reassess old relationships with other actors in 
the recovery chain (as shown in figure 1) to achieve the recovery targets togctllcl-. 
Through a review of the surrounding literature and discussion with many of' thc 
stakeholders involved, this paper considers tile possible methods by which tile *valuc 
chain' can achieve tile objectives of the directive. Interviews have been conducted 
with manUfacturer's, ATFs. and shredder operators to build a picture of' tile current 
recovery industry and develop an understanding of its future direction based oil tile 
two most radical measures included in tile directive, free vehicle takcback and 
recycling/recovery targets. From this, future research activities have been highlighted 
which could help sustain a free takeback network and reduce landfillcd waste. 
De-pollution waste 
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Treatment Facilities 
(ATF's) 
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Parts resale Matenals recycling 
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j Hulk Fragmenting I 
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Fig. 1, The flow of the vehicle through End-of-Life operations 
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2 VEHICLE RECOVERY IN THE UK 
As the ELV directive is implemented at a national level, each nation state will take 
responsibility for both the introduction and achievement of free take back and the 
recovery targets. In Germany 10% of the recovery rate is required through 
dismantling [8], whilst in the Netherlands a well established flat rate disposal levy is 
added to the price of new vehicles and invested in the recovery industry by Auto 
Recycling Netherlands (ARN) to ensure compliance for both free takeback and 
recovery targets [2]. The UK provides a good example of a moderate and common 
transposition of the directive, where additional measures have not been attached, and 
takeback is the responsibility of each manufacturer. 
The legislation has been transposed into UK law through the End-of-Life Vehicles 
Regulations 2003 [9] and the End-of-Life Vehicles (Producer Responsibility) 
Regulations 2005 [10], and therefore the requirements for ATF status and de-pollution 
standards have been established. This section reviews the state of the recovery 
industry in the UK and describes the structure laid out in figure I. Traditionally 
vehicles have arrived at scrap dealers because of their involvement in an accident or 
because they have come to the end of their useful lives (as shown in fig. 2). 
Dependent on their age and make, these vehicles are then cannibalised for parts by the 
scrap yard before the remaining vehicle, normally called the "hulk", is sold on to a 
shredder operator who recovers the ferrous content. 
However, there have been improvements in both the processes used and 
professionalism within an ATF as depollution and ATF status have become a 
requirement. Those who have achieved ATF status now deregister the vehicle, issue a 
certificate of destruction to the last owner, and de-pollute the vehicle which requires 
the removal of the battery, fluids, tyres and any other hazardous substances in a 
certified environment. Although there is clearly an economic cost that comes with 
implementing these measures, many have made the successful transition to ATF 
status. 
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Fig. 2 ELV Categories, 
Left - Premature fire, theft, vandalism or accident FLN's, Centre - Abandoned 
ELVs that can fall under either, Right - Natural FINs. 
This has been aided by the high value of scrap steel as depicted in fig. 3 1111, which 
has brought increased profits from the sale ofthc hulk and therefore nioncy to invcst 
in the necessary equipment. llo,. vcvcr, the ma jority ol* stakeholders intcrvicwcd ICIt 
that the spare parts market was in decline, citing increased reliability, an c\pansion in 
onboard electronics and frequent component design changes as the reasons I'Or Ilic 
downturn. 
Average quarterl) shredded scrap steel price 
p. 
o 
'JO') 1(X))) 1)))) 2(2(2 2(2)) 2)29 
Quarter 
Fig. 3 The rise of shredded steel prices per tonne delivered (in Euros) between 
Januan, 1998 & 2005 it 11 
It is estimated that approximately 79% of a vehicles weight IS CUrrently recovered ill 
the UK as illustrated in fig. 4 [31, with around 10% of this removed during de- 
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pollution and dismantling at an ATF. However, there is no financial ii1cciltivc to 
dismantle pure stream materials for recycling because of' high labour costs and tile 
lack of market for low quantities of non-inetallic matcrials. Although 111c plastic 
content amounts to approximately 10% of a vehicles weight I ') 1. tile types, of Illastic 
used are varied, sometimes unidentifiable and dift-icult to separate and clean. 
When the vehicle hulk passes on to the shredder operator, tile vehicle is slirc(ldcd 
using a harnmer mill and then the terrous metal (approximately 641! /0) is renimcd 
using magnetic separation. The remaining fraction can then be further separated hy 
using eddy current technology and then dense inedia separation, which recovers a 
further4% of a vehicles weight in non-I'errous nictals. This leaves approximately 21()//o 
to be sent to landfill as Auto Shredder Residue (ASR). 
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Fig. 4 The flow of material weights through the recovery chain 131 
3 THE FUTURE DIRECTION OF THE UK RECOVERY INDUSTRY 
The way that the recovery targets in 2006 and the takeback networks in 2007 are 
ineasured and developed will have a major impact on the future prosperity of tile 
recovery industry. In this section the future implementation oftree takeback provision 
and recovery targets will be discussed from a UK perspective based on knowledge 
gained from both literature and interviews with UK stakeholders. 
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3.1 Free Takeback 
Unlike the Netherlands, the UK is applying an 'own marque' approach to free 
takeback. This was developed after lobbying from the manufacturers who felt that 
providing 'payment-per-car' recovery for all vehicles in the UK was too great a 
financial liability to appear on their balance sheets. The 'own marque' system adopted 
asks manufacturers to set up their own network of ATFs to deal with their vehicles. 
Due to the high value of scrap steel many ATFs and shredder operators have been 
unwilling to give up any potential profit to vehicle manufacturers. This has led to the 
creation of a contractual agreement referred to by many stakeholders as a 'zero cost, 
contract. These contacts, as the name refers, sees no monetary value exchanged 
between the automotive and recovery sectors. This free market approach provides a 
takeback network that gives independence to the recovery chain at a time of high 
profit, with the manufacturers contributing to the promotion of the network. 
However, because of the suggested decline in the spare parts market, and with the cost 
of landfill set to increase from ;E 18 per tonne to a medium to long-term rate of 05 per 
tonne, these factors are expected to impact on the profitability of ATFs. From the 
advent of 'zero cost' contracts and the financial barriers that the recovery industry 
faces, the following summations can be made: 
* 'Zero cost' contracts do not provide a direct financial incentive for 
manufacturers to increase recovery through design. One of the aims of the 
directive was to provide producer responsibility so that vehicle manufacturers 
would have a financial interest in the recovery of their own vehicles. This 
would provide an incentive to reduce waste through the redesign of their 
vehicles, therefore promoting reuse and recycling not as a environmental need 
but as an economic necessity. Although the ELV regulations include fines for 
non-compliance, the use of zero cost contracts Provides it without any cost to 
the manufacturer. 
A free market system still leaves the recovery industry susceptible to 
market fluctuations. A drop in the value of scrap steel combined with an 
increase in landfill and de-pollution costs, would reduce the profitability of 
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both ATFs and shredder operators. This financial burden would fall wholly on 
the recovery industry with the manufacturers not obliged to give financial 
assistance unless it prevents their recovery network from providing free 
takeback, therefore incurring a fine for non-compliance. 
3.2 Recovery Targets 
To meet the recovery targets for 2006 and 2015, the UK industry must recover an 
extra 7% and 17% respectively. As mentioned in section 2, dismantling more material 
at an ATF is not seen as viable by the stakeholders involved. The removal rates are 
too low and the amount of recyclable material collected too small to make manual 
dismantling profitable. Although 'design for disassembly' methods have been utilised 
for newer vehicles to make specific parts easier to remove, ATFs still report that this 
does not provide either the removal time or the quantity of material to make the 
removal of pure stream plastics worthwhile. This therefore puts much of the onus for 
recovery on post shredder operations and ASR recovery methods. 
One potential process is Skin Floatation which attempts to separate thermoplastics and 
thermosets from the remaining ASR through their reaction to plasticizers [12]. After 
several stages of preparation the material enters a 'quiet' tank where heavier 
engineering plastics sink and lighter olefin plastics and foams float. The light fraction 
can be further separated or recycled as thermoplastic oleflns and thermoplastic 
elastomers (TPO's and TPE's) whilst the heavy fraction, composed of 25% plastics 
(thermoplastic) and 75% rubbers (thermoset), continues to a counter current rinse 
tank. Plasticizers are then added to the tank, which induces air bubbles on the surfaces 
of certain plastics and forces them to float. It has been found that, using the right 
sequence of plasticizers, ABS, Nylon, PC and PP can be removed from the ASR with 
a purity of at least 92% [12]. However, the widespread adoption of this technology 
has yet to be commercially realised and doubts remain over the required cleanliness of 
the plastics for the flotation process to take place. 
Another possible method is the gasification of waste which attempts to separate its 
combustible particles from large inert and metallic particles by heating the waste on 
an internally circulating fluidised bed to between 500 and 600 'C. This method has 
been successfully commercialised in Japan through the TwinRec system, which has 
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processed more than 170,000 tonnes of waste in the first three years of its existence 
[13]. It takes unsorted and uncleaned ASR and, through a combination of a gasifier 
and a cyclone combustion chamber, separates the remaining ferrous and non-ferrous 
material, whilst creating energy through a boiler and construction granulate from the 
remaining slag. The manufacturers claim that from the 20% of vehicle waste they 
receive, they are able to recover another 2.5% of the metallic content, 5.5% through 
recycling as construction materials, 10% through energy recovery and 1% from metal 
salts, leaving 1% of the vehicles weight for landfill. 
From the lack of financial incentive to remove more during disassembly and the new 
technologies available for post shredder recovery, the following summations can be 
made: 
9 The achievement of the recovery targets is dependent on post shredder 
separation. Because the financial burden will fall on the recovery industry as 
discussed in the previous section, they now must find the most economic 
method of achieving the recovery targets. Manual dismantling is not seen as 
economically viable by the recovery industry and they see no market to create 
a financial incentive, therefore post shredder separation provides the most 
economic means of reaching the targets. 
* The technology does not exist to recover post shredder plastics for closed 
loop recycling. Although the two technologies presented in this paper could 
eventually provide compliance, the purity of the materials separated precludes 
their use in the same application. Cascade recycling, where they are utilised in 
lower specification applications, is a potential solution. However, several 
stakeholders reported that there are currently not enough of these applications 
to provide a market for the quantity of mixed plastic that could be recovered. 
4 CONCLUSION 
The review of literature and interviews with many of the stakeholders involved has 
signalled several key indicators to the future direction of the vehicle recovery 
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industry. In terms of free takeback, manufacturers are beginning to establish networks 
in the UK through several 'zero cost' contracts. The added costs of de-pollution 
created by the legislation has been absorbed by the extra revenue created by the high 
value of scrap steel. However, there is no direct financial aid from the manufacturers 
which has left many ATFs as vulnerable to changing markets as they were before the 
directives inception. These ATFs require guidance to maximise their profits through 
the development of emerging markets. Although many stakeholders believe plastic 
removal is uneconomic, a market does exist for recycled polymers which remains 
unexploited by the automotive recovery industry. If detailed information could be 
gathered on a limited number of parts on specified vehicles along with the potential 
value of their material content, ATFs would have the ability to base dismantling 
decisions on real data. 
The achievement of the directives recovery and recycling targets is less clear. There is 
some confidence within the recovery industry that the 85% target will be met. The 
research in this paper indicates that the increase in recovery levels required for both 
2006 and 2015 will come from post shredder operations. Although many EU states 
have different methods of implementation, the recovery targets are the same across 
the continent and the responsibility of the manufacturers to help achieve them is clear. 
Future EU Type Approval regulation [14] will add to manufacturer responsibility by 
asking them to provide details of how their new vehicles will be recovered. It is 
therefore essential that the automotive industry is aware of the impact of their product 
on these processes so that they can be considered during the design process. This 
could not only aid material selection, but give the manufacturers an impression of the 
recoverability of their vehicles. Therefore the authors' future research will focus on 
aiding ATFs with dismantling decisions through the use of cost models and assisting 
manufacturers with design decisions based on post shredder operations. 
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End-of-Life Vehicle Recovery in the UK 
Introduction 
This paper was presented at the 4th International Conference on Design and 
Manufacture for Sustainable Development, held in Newcastle upon Tyne, in 2005. 
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End-of-life Recovery of Vehicles in the UK 
C EDWARDS, G COATES, S RAHIMIFARD, T BHAMRA, ST NEWMAN, P LEANEY 
The Centre for Sustainable Manufacturing and Reuse/Recycling Technologies (SMART) 
Wolfson School of Mechanical & Manufacturing Engineering, Loughborough University, 
Loughborough, Leicestershire, UK 
ABSTRACT 
The automotive industry is among the largest manufacturing sectors and is considered 
one of the most resource intensive industries in the world. Over the last two decades, 
the car has become one of the most important consumer products. The typical lifespan 
of a vehicle has significantly shortened in recent years and is now reported to be 
between nine and thirteen years. The disposal of vehicles can have a major 
environmental impact, both in terms of waste production and in the recovery of 
original materials. To cope with the environmental effects of nine million tonnes of 
vehicles that reach the end of their useful lives each year in Europe, the European 
Union has created the End-of-Life Vehicles Directive to be implemented in all its 
member states. The producer responsibility which this directive advocates suggests a 
holistic view of vehicles recovery, with materials recovered at the end of a vehicles 
life being used based on a closed-loop approach within successive vehicle design and 
manufacture. However, the contemporary market drivers under which the current UK 
vehicle recovery industry operates do not have the structure to fully support such an 
approach, and more importantly the achievement of the targets within the directive. 
This paper provides a snapshot of current practices in vehicle recovery within the UK 
together with the legislation, stakeholders and markets influencing this industry. The 
paper then outlines the factors that must instigate the longer-term changes required to 
more readily support the core themes of the End-of-Life Vehicle Directive. 
1 INTRODUCTION 
The influence of European legislation is becoming progressively more prevalent 
within the UK, with many manufacturers and businesses being forced to be more 
accountable for their products environmental effects beyond the traditional boundaries 
of the product development process. End-of-life disposal and product take-back 
legislation has taken a proactive stance in attempting to make manufacturers more 
environmentally aware of their producer responsibilities. EU legislation accounts for 
an estimated 80% of UK environmental regulations [1], which have resulted in a 
number of prescriptive directives encompassing the design, production and treatment 
of a range of industrial and consumer products. 
One of the most effected products to date is the automobile via the End-of-Life 
Vehicle (ELV) Directive. This directive not only relates to the manufacturers, but to 
many other stakeholders involved in the car industry. These stakeholders encompass a 
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wide variety of fields such as material recycling, inanutacture, and F, nd-of-1,11'e (FoL) 
recovery, each with their own specific concerns with one another and tile dircctIVe. 
These concerns can sometimes be counter productive and there are many vested 
interests which need to be considered within each industry it' a environmentally 
friendly and cost effective solution to current recovery problems is to be reallsed. 
This paper provides a general overview of the current infrastructure and through this 
highlights current and future drivers that will aillect the full implementation of the 
directive. The initial section provides an overview of related research oil the areas 
involved before outlining the current legislative Situation and identifying tile 
stakeholders involved. The main section of' the paper provides all overview of' tile 
current recovery chain (as shown in figure 1), highlighting the implications of the 
ELV directive on both manufacturers and FoL operators before identifying tile 
contemporary cost drivers. Three key areas that will have ramifications oil the 
successful implementation of the directive are then reviewed. These Include tile VaILIC 
of the virgin and scrap materials processed by both inallUfacturers and disnianticrs, tile 
available EoL processing options (mainly related to dismantling versus shredding 
processes) and the effect of'other environmental policy oil vehicle design. 
2 RELATED RESEARCH 
In recent years manuf , acturcrs of' all products have stepped Lip their use 01' 
environmental methodologies by implementing the analysis of' whole life cycle 121 
and, in more general terms, increasing tile influence of' all encornpassing 
environmental management strategies. This has in turn promoted the development of 
trade-off analysis programs to help compare business and ecological I'actors 13 1. More 
specific developments have been aimed at the design processes influciice on Fol. 
options in the form of various 'design for' programs. These vary from high level 
considerations, where environmental issues are contemplated early in tile products 
development, to low level issues where every nut and bolt is considered 141. These 
methods bring the manufacturer much closer to the disposal oftheir product, creating 
a link between themselves and Fol, operators, described by Dcutz 151 as a 'valtie 
chain'. Using the link as a commercial advantage through a 'closed loop' 
infrastructure has been the subýject of much research including the development of' 
information systems to aid take-back [6]. 
Fig. I The ELV processing jigsaw with the size of the connector representing tile 
material flow 
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One of the potential materials/part recovery routes is dismantling, where numerous 
attempts have been made to improve the process, from the development of equipment 
like a chain car turner [7] to whole disassembly lines [8]. This does not stop in the 
workshop with analysis tools created to assess optimum disassembly sequences using 
recovery cost and revenue data [9]. The options available for ELV disposal are also 
the focus of numerous studies in recent year as the recovery sector is fragmented and 
therefore the information required by so many interested parties is difficult to trace. 
These range from reports on every sector involvement, from manufacturers to 
recyclers [ 101, to specific studies on the factors involved in end of life recovery [II]. 
More explicit surveys have taken place on individual recovery options which includes 
a report into the current state of vehicle part reuse [12]. The recycling of automotive 
plastics is also the topic of a great deal of research with Life Cycle Assessment (LCA) 
studies on the relative traits of closed loop recycling in comparison with cascade 
recycling [13]. Alternatively many favour the post shredder recovery of Auto 
Shredder Residue (ASR) instead of the pre shredder dismantling and recycling of 
parts. Investigations have taken place into the exact composition of shredder waste 
[14] whilst others have looked at potential techniques to recover ASR like skin 
floatation [ 15]. 
3 ELV DIRECTIVE AND ITS IMPLICATIONS WITHIN THE UK 
The ELV directive came into force in October 2000 with member states given till 
April 2002 to transpose it into national legislation. However, none of the member 
state completed the implementation by that date mainly due to difficulties with some 
of the main points of the directive, which are outlined below: 
0 Owners must be able to have their vehicles accepted free of charge at a registered 
Authorised Treatment Facilities (ATFs) for vehicles. 
0 Manufacturers as of 2007 must pay for take-back and recovery of all negative 
value vehicles. 
By January 2006 at least 85% (by weight) of all ELVs must be reused and 
recovered, with 80% reused and recycled (i. e. 5% allowed for energy recovery). 
By January 2015 at least 95% (by weight) of all ELVs must be reused and 
recovered, with 85% reused and recycled. (i. e. 10% allowed for energy recovery). 
The banning and restricting of certain materials used within vehicles. 
The introduction of coding standards to facilitate materials identification and 
recovery, along with dismantling information being available to ATFs within 6 
months of the vehicle being placed on the market. 
The introduction of ELV legislation was not the favoured approach amongst vehicle 
manufacturers during the Directives formulation. For many years industrial bodies 
such as the Society of Motor Manufacturers and Traders (SMMT) in the UK, lobbied 
for self-regulation as opposed to direct legislation, with a number of their reports 
reflecting year-on-year improvements towards attaining the 85% target. The directive 
allows member states to adapt their own strategies for vehicle recovery and therefore 
a number of options for financing the proposed legislation were discussed by the UK 
Government (e. g. a central fund from tax or vehicle registration), but ultimately the 
industry favoured "own marque" approach was adopted which attempts to place the 
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cost burden at the feet of the producers. This will see manufacturers establish their 
own contracted networks of ATFs which will deal with their own returned vehicles. 
Hence from 2007, all ELVs returning via a manufacturers contracted network will be 
a financial liability. As to whether this liability is to be present on a manufacturer's 
balance sheet is still an area of contention. This has lead to a number of vehicle 
manufacturers advocating "zero-cost" contracts with Shredders and ATFs for the 
return of vehicles based on the value of contemporary market drivers. In this instance, 
all costs associated with de-pollution and target attainment would be offset by the 
scrap value of the hulk and the spare parts removed. 
At the time of writing, 838 UK facilities are currently registered with the 
environmental agency as conforming with the site licence requirements of a registered 
ATF [16], and have made the investment required to de-pollute vehicles. The 
establishment of an 'own marque' contracted network is still under discussion 
between the vehicle manufacturers and the various ATFs. In terms of the legislation 
these stakeholders are in a unique position. They retain the tools to carry out the 
legislation (and assist the producers) but are not financially liable for its successful 
implementation. They also retain any profit made from the processed ELVs, and in 
the current climate of high scrap metal prices this has been used to persuade ATFs to 
sign zero cost contracts, guaranteeing their survival and providing a certain level of 
vehicle returns. Unlike tiered suppliers within the vehicle manufacturers supply chain, 
ATFs cannot be as easily influenced to accept future cost burdens. This necessitates a 
clear deviation from the traditional approach of passing the cost back down the value 
chain, as the pro's and con's of being a contracted ATF still vary depending on the 
size of the operation. 
The process of implementing the ELV directive is a long and arduous task, as evident by considering the fact that not one nation state completed the transposition of the directive by the deadline. The UK government has chosen the 'own marque' 
approach, mainly due to intense lobbying by the manufacturers, which in contrast to the vehicle levy system employed in the Netherlands is unlikely to drastically improve 
the current recovery structure. It is argued that although this is a good free market 
solution, it will not change attitudes within many of the stakeholders involved and leaves the manufacturers with enough flexibility to avoid facing the problem head on. This is compounded by the high value of scrap metal, which is encouraging ATFs, to 
sign 'zero cost' contracts. However, this could place the entire vehicle recovery 
industry in jeopardy if the contracts are not connected to the price of scrap steel. 
4 THE CURRENT INFRASTRUCTURE AND RECOVERY DRIVERS 
4.1 The UK vehicle recovery infrastructure 
Before discussing the contemporary drivers within the ELV market it is necessary to 
provide an overview of the main processing stages and the stakeholders responsible 
for them. ELVs can be categories into two main groups, natural and premature (see 
figure 2). As the name suggests premature vehicles have come to the end of their 
useful life before their average lifespan, either due to fire, theft, flood, vandalism or 
accident damage. The majority of these vehicles are insurance write-offs and often 
have a wealth of reusable parts removed before further processing. Natural ELVs 
however have come to the end of their useful lives (usually 9-13 years) and are either 
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returned to a treatment facility via a collection merchant, collected by the ATF itself' 
or returned by the vehicles last-owner. Natural E, LVs tend to be in a bad state of' 
repair, as prolong use and "wear and tear" has taken its toll over the years. Parts resale 
value is therefore at a minimum, and often a number ot'licalth and sal'ety issues need 
to be addressed before de-pollution and further processing. 
Left - Premature fire, theft, vandalism or accident ELVs, Right - Natural EILVs, 
Centre - Abandoned ELVs which can fall under either. 
Once the vehicle has arrived at the ATF the Vehicle Identification Number (VIN) is 
recorded and presented along with its registration document before the vehicle is 
deregistered and a certificate of destruction issued. It is then de-pollutcd which 
requires the removal ofthe battery, fluids, tyres and any other hazardous substances, 
and are then collected and processed by a waste management company. Specially 
designed de-pollution rigs support the vehicle during this exercise, and tile process 
typically takes around 15 minutes per ELV. I ligh value components are then removed 
via manual disassembly which has also seen a number of' smallei ate - facilities sclial, 
pure strcam plastics (such as bumpers) to sell directly to the recyclers and re- 
processors. However, the wide spread adoption ofthese techniques, due to its labOUr 
intensive nature, is yet to be implemented within the industry. The majority ofnatUral 
EL, Vs are crushed and transported to shredding operations 11or post- fragnientat i oil 
recovery. Once the ferrous content has been recovered (approximately 720/o 1111) tile 
non-flerrous scrap can be separated using Dense Media Separation processes, and tile 
remaining waste is sent to landfill (see figure 3). 
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Fig 3 An overview of the current UK vehicle recovery infrastructure 
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4.2 Contemporary drivers in the UK ELV market 
The major contemporary drivers that determine the economics within the UK 
recovery infrastructure can be summarised as: 
Scrap metal prices: Recovery technology for scrap metal is relatively cheap and 
well established throughout the UK. Ferrous materials still represent the bulk 
composition of ELVs, hence quantity can be guaranteed based on a small amount 
of processing. The market value of scrap ferrous combined with the low cost 
logistics of exporting to countries such as China, has created an over-riding cost 
driver in the vehicle recovery industry. 
0 Spare parts markets: Premature ELVs are the primary source for parts reuse, with 
evidence to suggest that newer makes and models provide the greatest sources of 
revenue [12]. Although spare parts have a long established history in the UK, 
general trends and interviews would suggest that the market for second hand parts 
is in decline. Possible reasons for this include the shorter life of the 
parts/components, reduced compatibility between integrated electronic parts, and 
a lack of hobbyists. 
De-pollution costs: Despite the value of many of the materials removed during 
pre-treatment (e. g. the lead within batteries), many are not sold directly to re- 
processors due to lack of the economies of scale. Many ATFs currently pay waste 
management companies to collect and process these materials, with the cost of 
disposal being offset by the high value of the scrap. 
Auto plastic prices: The removal and segregation of pure stream plastics at the dismantling stage is currently not wide spread given the labour intensive nature of the work and the lack of established secondary markets. The alternative post shredder processing route therefore requires more advanced technologies and investment to ensure the resulting plastics purity and revenue. 
. 
fill taxes: The standard landfill tax rate is currently E 18 per tonne 0 
Land 
and is set to rise by 0 per year thereafter, moving towards a medium to longer term rate of E35 per tonne. This tax will become an increasingly influential economic instrument over the coming years. 
These drivers are clearly influenced by one another, for example the increased 
regulation of de-pollution and landfill taxes has had a major impact on the working 
standards of the sector. This financial outlay has been offset by the high value of scrap 
steel, which continues to be the industries main driver. In addition, with the spares 
market in natural ELV parts in terminal decline, for the long term stability of the 
recovery sector, there is a need to establish other key material markets (e. g. plastic, 
ASR). This is unlikely with the current lack of post-shredder infrastructure, and unless 
the advancement in technology makes this financially viable, the recovery industries 
reliance on an unpredictable scrap metal market will continue. 
5 ANALYSIS OF THE LONG TERM STRATEGIC VIEW 
There are three major factors that have been identified which influence the long term 
strategic development in the UK ELV infrastructure, these are: 
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" Material value and depletion 
" End-of-life recovery options 
" Environmental design factors 
These factors are all interdependent, essential to the future ol'vehicle recovery and arc 
discussed in more detail in the remaining sections ofthis paper. 
5.1 Material value and depletion 
Intrinsic to the long term view of any products manufacture and disposal are tile 
materials used within it. This is especially significant in the car industry \\, 'here stccl 
and plastic, representing a significant proportion ofa Furopcan vehicles composition, 
currently have high global raw material values. In the case of steel, there has been 
increased consumption worldwide, particularly in China which has drive" Lill tile 
value of both iron ore and scrap steel. This has naturally had a major cf1cct oil the 
vehicle recovery industry which has seen the value ofshredded steel rocket, as shown 
by figure 4 [17]. The price of scrap is generally very volatile because of' its finite 
quantity and the supply/demand balance which is rarely predictable. DcspltC tills 
instability, world steel production is continuing to grow and there is sustained 
optimism that this will reflect on the value of' scrap well into the fliturc. This Illay 
increase the cost of car production and tile profitability of' vehicic rccovcry, 
encouraging manufacturers to make better use of their metal content and become 
directly involved in end-of-lit'e recovery. 
Average quarjcj-lý shredded serap steel price 
Ilk) 
I- 2_1 1-1 
., 2.3 
1 
N.. 
Qu., u, 
Fig. 4 The rise of shredded steel prices per tonne delivered (in Euros) between 
January 1998 & 2005 
A similar case can be made for plastics which have also seen an increase in the cost ot, 
raw materials. Suppliers of automotive plastics are demanding a higher price for their 
products and manufacturers are already investigating other options. For example, 
Toyota have begun to use 'Eco-Plastics', derived from raw materials like sugar cane 
and corn, in low specification application [181. Since a pilot scheme in 1993. Ford has 
been recovering their Xenoy resin bumpers in the United States. The material is used 
in a variety of Ford parts, including bumpers, and is said to save the company 
approximately $1 million a year [10]. Recycling is a sector not fully exploited by 
') "IQ 
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manufacturers and it' the legislative and economic pressures are present, the 
development of natural plastics and the increased recycling of plastic components 
could become a reality. 
5.2 End-of-life recovery options 
Another Fundamental problem involves tile method with which the recovery targcts 
within the ELV directive will be met. This Could cither be through an Increased 
efficiency in recovering materials post-shredder (i. e. through more el'i . ectl\'C 
separation techniques) or through tile increased dismantling of' parts pre-shreddcr. At 
present the majority of' the ATFs in the UK only dismantle parts it' there is .1 
legislative or economic reason to do so as the cost of' dismantling Car outweighs the 
value of' parts. The additional dangers to health and saflety when entering an FIN 
(which could contain shards of glass, needles etc. ) make any internal dismantling 
virtually impossible (see figure 5). Hence, the industry IS Currently siding with 
recovery through the shredding process, which creates ail unnecessary energy outlay 
and currently sends ASR to landfill. The reliance on the shredding process is bcCILISC 
design is the only Eactor that would notably change the economic realities ol' 
e dismantling. Vehicles currently in show rooms will reach the end ol'their us I'L ivcs 
between 2018 and 2020 and are only marginally easier to dismantle than Current 
FINS. Unless there are significant economic incentives in placc by that time. there is 
little scope to encourage vehicle mariLdacturers to significantly change their design to 
facilitate dismantling. 
it is also difficult to account t'or processed material aftcr shredding as domestic 
appliances (such as washing machines) are shredded alongside vchiclcs, tbrcing the 
use of protocols based on shredder trials allowing an easier route to target attaillillent. 
As ASR has a substantial caloritic value there has been considerable investment ill 
improving energy recovery techniques as well as pilot schemes to improve separation 
techniques. However, there is little argument that dismantling call provide a much 
higher grade of recycled material to replace virgill material, saving manufacturers 
money (as shown by Fords bumper program) and providing a -closed loop, ill jilic 
with the original airns of the ELV directive. 
5.3 Environmental design factors 
Changes in design and material use are essential to the future success of FIN 
recovery and these have gradually come into conflict with other crucial environmental 
Cactor during the use phase of the vehicle. The use of light \\, eight materials such as 
composites, though at present potentially hindering material recycling, are seen to be 
more environmentally beneficial. This is because they reduce the weight of' the car 
which in turn reduces fuel emissions and increases fuel econoniv. It is therefore both 
an economic and environmental benefit to increase the use Of liýhtweight materials in 
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vehicles. In economic terms, improving the vehicles economy can act as a significant 
marketing ploy for the manufacturers in comparison to improving 
its EoL recovery 
which is of little consequence to first owners. Additionally in environmental terms, 
using LCA studies have indicated that a passenger car will use 83.5% of the energy 
used throughout its life cycle during the use phase and just 0.1% during the recovery 
phase (recycling and waste) [19]. Due to both the aforementioned economic and 
environmental benefits for the use of lightweight material, many expect the 
recyclability of European cars to gradually decrease in the short term. Even the use of 
aluminium, that has a higher value at end of life and is more recyclable than steel, 
could reduce the overall weight percentage of recovery, which is detrimental to the 
achievement of the ELV targets. It is therefore claimed that in the long term it is in the 
manufacturers interest to become involved in recovery through the incorporation of 
environmental design factors which in turn facilitates closed loop recycling, and truly 
adhere to the aims of the directive. 
6 CONCLUDING DISCUSSIONS 
The main aim of the ELV directive was for environmental improvement and in the 
UK this has been partially achieved in the UK, although not to the extent of some 
other European nations. It has brought uniformity to the existing infrastructure 
resulting in significant improvements in treatment facilities that were difficult to 
control before its implementation. However, the producer responsibility contained 
within the directive has been influenced by the automotive sector, creating an adaptation of the directive purely driven by economic feasibility as opposed to environmental merits. This has satisfied the manufacturers requirements in the short term, but if the economic conditions change they could be left with a significantly diminished contracted network, the implications of which could have serious repercussions on the stability of the sector. This could force manufacturers out of necessity to take a closer involvement in vehicle recovery. 
The UK 'own marque' approach has not instigated change in post de-pollution 
recovery routes, with the current system driven by the existing infrastructure and 
material markets. This has resulted in little financial incentive to improve dismantling 
or many post-shredder processes, hence creating an obstacle for achieving significant 
environmental benefits. The research reported in this paper has highlighted a need for 
further work into the feasibility of both pre and post-shredder recovery options, 
exploring viable paths that could increase recoverability. Although manufacturers 
have increased design for disassembly efforts over the past decade, further research is 
also necessary into new concept of 'design for separation techniques(where 
separation technique may apply to both pre- and post-shredder processes), which 
constitutes the next phase of the authors work. 
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